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carbocation intermediates by serving as templates for terpenoid product structure. Both local molecular
structure at the active site and global protein structure encompassing domain organization and
oligomerization state have effects on catalytic function in terpene cyclases. The goal of this work is
characterization of the effects of local structural changes to the active site of a terpene cyclase, and a thorough
understanding of the structure-function relationship of active site structure and domain organization in two
terpene cyclases, geosmin synthase (ScGS) and epi-isozizaene synthase (EIZS) from Streptomyces coelicolor.
Geosmin synthase (ScGS) is a bifunctional class I sesquiterpene cyclase that catalyzes the conversion of FPP
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ScGS and homology models of the C-terminal domain of ScGS, and used small-angle X-ray scattering (SAXS)
to propose models of domain association in this system. Product analysis by gas chromatography-mass
spectrometry (GC-MS) in this system indicates residues that are important for catalysis in the C-terminal
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EIZS is a promiscuous terpene cyclase and produces epi-isozizaene as a major product, along with five other
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F95C were determined and demonstrate that EIZS mutants containing polar residues at the active site do not
exhibit global structural changes when compared to the wild type enzyme. GC-MS was used to analyze the
products of eight new EIZS mutants, demonstrating formation of thirteen new sesquiterpene products not
previously observed in this system. These results demonstrate that polar mutations are structurally and
catalytically tolerated at the active site of EIZS.
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ABSTRACT 
STRUCTURAL AND FUNCTIONAL STUDIES OF TWO BACTERIAL TERPENE 
CYCLASES: GEOSMIN SYNTHASE AND EPI-ISOZIZAENE SYNTHASE 
Golda Harris Barrow 
David W. Christianson 
Terpene cyclases convert acyclic isoprenoid precursors into complex cyclic 
terpenoid compounds. Hydrophobic active site contours in terpene cyclases direct 
cyclization reactions through a cascade of carbocation intermediates by serving as 
templates for terpenoid product structure. Both local molecular structure at the active site 
and global protein structure encompassing domain organization and oligomerization state 
have effects on catalytic function in terpene cyclases. The goal of this work is 
characterization of the effects of local structural changes to the active site of a terpene 
cyclase, and a thorough understanding of the structure-function relationship of active site 
structure and domain organization in two terpene cyclases, geosmin synthase (ScGS) and 
epi-isozizaene synthase (EIZS) from Streptomyces coelicolor. 
  Geosmin synthase (ScGS) is a bifunctional class I sesquiterpene cyclase that 
catalyzes the conversion of FPP to germacradienol, germacrene D, and geosmin in unique 
cyclization and cyclization-fragmentation reactions occurring in separate active sites. We 
determined the X-ray crystal structure of the N-terminal domain of ScGS and homology 
models of the C-terminal domain of ScGS, and used small-angle X-ray scattering (SAXS) 
to propose models of domain association in this system. Product analysis by gas 
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chromatography-mass spectrometry (GC-MS) in this system indicates residues that are 
important for catalysis in the C-terminal domain cyclization-fragmentation reaction. 
 EIZS is a promiscuous terpene cyclase and produces epi-isozizaene as a major 
product, along with five other sesquiterpene products. Single mutations at the active site of 
EIZS can drastically change the proportions and identities of sesquiterpene products. 
Mutagenesis of key residues at the active site to polar side chains results in mutant EIZS 
enzymes with altered catalytic properties. The X-ray crystal structures of EIZS F95N and 
F95C were determined and demonstrate that EIZS mutants containing polar residues at the 
active site do not exhibit global structural changes when compared to the wild type enzyme. 
GC-MS was used to analyze the products of eight new EIZS mutants, demonstrating 
formation of thirteen new sesquiterpene products not previously observed in this system. 
These results demonstrate that polar mutations are structurally and catalytically tolerated 
at the active site of EIZS. 
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Chapter 1: Introduction to Terpene Cyclases 
1.1 Terpenoid natural products 
 Terpenoids comprise the largest family of natural products, with over 80,000 
members identified to date (Dictionary of Natural Products). The chemical structures of 
terpenoids range from simple isoprene (C5) to highly complex, polycyclic structures such 
as lanosterol (C30) (Figure 1.1). This large structural diversity provides many natural 
biological applications of these compounds for their source organisms. Terpenes are often 
produced by plants for defense against predators or diseases (Gershenzon, 2007). Oleoresin 
from grand fir (Abies grandis) is a complex mixture of terpenoids that deters insects and 
protects wound sites (Little, 2002). Many plants also utilize terpenoids such as (E)-β-
ocimene and myrcene as attractants for pollinators (Tholl, 2006). Large, complex 
terpenoids often have highly specialized biological functions. Sterols (triterpenoids, C30) 
act as structural membrane components (e.g. cholesterol) and hormones (e.g. estrogen, 
testosterone) in animals. Carotenoids (tetraterpenoids, C40) are used as antioxidants and 
photosynthetic pigments in many plant species (Nisar, 2015). 
 In addition to natural uses of terpenoids, these compounds have been used for 
centuries as flavors and fragrances, as well as for medicinal and industrial applications. 
Many volatile terpenes, such as limonene (Cometto-Muñiz, 1998), sclareol (Schalk, 2012), 
and menthol (Farco, 2013) are used as flavorings and fragrances in cosmetics and 
perfumes. The biofuel industry makes use of terpene natural products, as several 
hydrogenated terpenes such as farnesane (Renninger, 2008) and bisabolane (Peralta-
Yahya, 2011) are used as carbon-neutral supplements or alternatives to traditional jet fuel  
 
 
 
2 
 
 
Figure 1.1. Examples of terpenoid natural products. The C5 hemiterpene is shown in 
yellow. C10 monoterpenoids are shown in blue. C15 sesquiterpenoids and derived 
compounds are shown in green. C20 diterpenoids are shown in purple. Compounds derived 
from C30 triterpenoids are shown in pink. The C40 carotenoid is shown in orange.  
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and diesel fuel, respectively. Terpenoids also serve as precursors to important 
pharmaceuticals; examples include taxadiene (Kӧksal, Nature, 2011), the precursor to the 
blockbuster cancer drug Taxol, and amorphadiene, the precursor to the anti-malarial 
artemisinin (Westfall, 2012).  
Biosynthesis of terpenoids occurs primarily through the mevalonate pathway 
(Kuzuyama, 2002). Three molecules of acetyl-CoA are condensed to form HMG-CoA, 
which is reduced to mevalonate by HMG-CoA reductase. Mevalonate is further 
phosphorylated and decarboxylated to form isopentenyl diphosphate (IPP), the first 
isoprenoid precursor. IPP is isomerized to dimethylallyl diphosphate (DMAPP) by IPP 
isomerase. These two simple five-carbon compounds, IPP and DMAPP, form the basis for 
all terpenoid natural products. 
DMAPP and IPP act as substrates for prenyltransferases (also known as isoprenyl 
diphosphate synthases) that produce a small number of linear terpenoid diphosphate 
precursors (Christianson, 2006). One molecule of DMAPP is ionized by active site metal 
ions to yield an allylic carbocation, which is attacked in a “head-to-tail” condensation by 
one molecule of IPP to yield geranyl diphosphate (GPP), the C10 terpenoid precursor. 
Longer precursors can be produced by further addition of IPP molecules, yielding C15 
farnesyl diphosphate (FPP), C20 geranylgeranyl diphosphate (GGPP), or C25 
geranylfarnesyl diphosphate (GFPP). These few acyclic prenyl disphosphate precursors 
serve as substrates for the terpene cyclases. 
1.2 Terpene cyclases 
 The vast chemodiversity of terpenoid natural products stems from terpene cyclases, 
enzymes that catalyze the conversion of a small number of linear, achiral isoprenoid 
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precursors into thousands of complex cyclic terpenoid products (Christianson, 2006). 
Terpenoid cyclizations are some of the most complex in biology, involving changes in 
chemical bonding or hybridization for half of the substrate carbon atoms on average. Some 
terpene cyclases catalyze the formation of a cyclic product with remarkably high stereo- 
and regiochemical fidelity, given the large number of products that can be produced from 
a single precursor. For example, lanosterol synthase catalyzes the cyclization of 2,3-
oxidosqualene to form exclusively lanosterol, one of a possible 128 stereoisomers (Thoma, 
2004). However, many terpene cyclases display varying levels of promiscuity, both in 
terms of substrate utilization and product formation from a single substrate. The cyclization 
domain of fusicoccadiene synthase from Phomopsis amygdali can produce cyclic 
terpenoids from the substrates GPP (C10), FPP (C15), and GGPP (C20) (Chen, ACS Chem. 
Biol, 2016). An example of extreme promiscuity in product formation by a terpene cyclase 
is γ-humulene synthase from Abies grandis. This enzyme produces γ-humulene as its major 
product, but in only 28.6% yield from total terpene products; 51 other terpenes are 
produced by this enzyme from a single substrate, FPP (Steele, 1998).   
 Terpene cyclases are classified by their mechanism of reaction initiation. Class I 
cyclases are metal-dependent and initiate the cyclization cascade through ionization of the 
pyrophosphate moiety of the substrate, yielding an initial allylic carbocation. Class II 
cyclases initiate the cyclization reaction by protonation of a double bond of the substrate. 
Both class I and class II cyclases contain characteristic folds and sequence motifs. Class I 
cyclase active sites are found at the center of an α domain (Oldfield, 2012) and contain two 
highly-conserved metal binding motifs: an “aspartate-rich” DDXX(D/E) motif and an 
“NSE/DTE” (N/D)XXX(S/T)XXXE motif. (Conserved metal-coordinating residues are 
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underlined.) Contrastingly, class II cyclase active sites are found at the interface between 
two α-helical domains, denoted β and γ domains, and contain a conserved DXDD motif in 
which the central aspartate residue acts as a general acid catalyst, protonating the substrate 
to initiate the cyclization reaction. Abietadiene synthase from Abies grandis (Zhou, 2012), 
a bifunctional terpene cyclase that contains both class I and class II active sites and α, β, 
and γ domains, is shown in Figure 1.2. This work focuses on class I sesquiterpene cyclases 
that utilize C15 farnesyl diphosphate (FPP) as a substrate. 
 In class I terpene cyclases, three metal ions (typically Mg2+ ions) bind to the 
pyrophosphate moiety of the substrate at the mouth of the active site. The alkyl chain of 
the substrate is accommodated in the highly hydrophobic active site cavity, where closure 
of the active site upon substrate binding shields the reaction from bulk solvent. Initiation 
of the cyclization reaction occurs by ionization of the pyrophosphate group, yielding an 
initial allylic carbocation intermediate. From this point forward, the cyclization cascade 
proceeds through intramolecular attack of carbocationic intermediates by π-bonds of the 
substrate, leading to one or more cyclization steps. The hydrophobic contour of the active 
site acts as a template to enforce a particular conformation on the substrate and/or 
intermediates, ensuring formation of a particular product over many other thousands of 
terpenoids that may be formed from the same precursor.  
 The control of the cyclization cascade by a terpene cyclase depends upon the ability 
of the active site to fold the highly flexible substrate into a productive conformation. For 
the cyclization of FPP in sesquiterpene cyclases, the initial macrocyclization step depends 
upon which double bond of the substrate (C6=C7 or C10=C11) is in proximity to the allylic 
carbocation formed by the ionization of PPi from the substrate. Direct 1,6-cyclization  
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Figure 1.2. Abietadiene synthase, a bifunctional terpene cyclase containing both class I 
and class II active sites. The class I active site is found at the center of the α-domain (blue). 
The conserved metal-coordinating motifs – the aspartate-rich motif and the “NSE/DTE” 
motif – are shown in red and orange, respectively. The class II active site is found at the 
interface between the β (green) and γ (yellow) domains. The conserved DXDD motif, 
containing the class II catalytic Asp residue, is shown in brown. The N-terminal cap is 
shown in magenta. PDB ID 3S9V (Zhou, 2012). 
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cannot occur due to the trans configuration of the C2-C3 double bond; these initial 
macrocyclizations must occur through ionization of pyrophosphate from FPP, reattachment 
of pyrophosphate to C3 to yield nerolidyl diphosphate (NPP), rotation about the C2-C3 
bond to the cisoid conformation, and reionization of pyrophosphate followed by the C1-
C6 bond-forming cyclization step (Christianson, 2006). 1,10- or 1,11-cyclization may 
occur through direct cyclization of the farnesyl cation or the ionization-isomerization-
reionization sequence analogous to 1,6-cyclization. Some sesquiterpene skeletons resulting 
from these macrocyclizations are shown in Figure 1.3. 
 The mechanism by which terpene cyclases catalyze the specific formation of 
terpenoid products out of many possible skeletons from a single substrate is poorly 
understood. In this work, we characterize the enzymatic mechanisms of two sesquiterpene 
cyclases from Streptomyces coelicolor, geosmin synthase and epi-isozizaene synthase. For 
geosmin synthase, we seek to understand the unique fragmentation reaction catalyzed by 
the enzyme, as well as how the domain architecture might play a role in catalysis. For epi-
isozizaene synthase, we seek to push the boundaries of chemical functionality allowed in 
a terpene cyclase active site, produce new useful terpenoid products in this model system, 
and produce structural and functional characterization of EIZS mutants to provide a basis 
for prediction of enzyme products based on active site shape. 
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Figure 1.3. Sesquiterpene skeletons derived from farnesyl diphosphate (FPP) and nerolidyl 
diphosphate (NPP). Blue arrows indicate formation of possible terpenoid skeletons from 
FPP and NPP. Orange arrows indicate formation of product examples of each terpenoid 
skeleton. Figure adapted from Altug, 2003.  
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Part I: Structural Studies of Geosmin Synthase 
Chapter 2: Introduction to Geosmin Synthase 
[Adapted with permission from Harris, G. G., Lombardi, P. M., Pemberton, T. A., Matsui, 
T., Weiss, T. M., Cole, K. E., Kӧksal, M., Murphy, F. V. IV, Vedula, L. S., Chou, W. K. 
W., Cane, D. E., and Christianson, D. W. (2015) Structural Studies of Geosmin Synthase, 
a Bifunctional Sesquiterpene Synthase with αα Domain Architecture That Catalyzes a 
Unique Cyclization-Fragmentation Reaction Sequence. Biochemistry 54, 7142-7155. 
Copyright 2015 American Chemical Society.] 
The bicyclic natural product geosmin (Figure 2.1) is a noncanonical terpenoid, in 
that it contains 12 carbon atoms instead of 5n carbon atoms (Gerber, 1968; Bentley, 1981). 
Remarkably, the chemistry that yields this noncanonical terpenoid with C12 ≠ C5n is 
mediated by the terpenoid cyclase itself, rather than an upstream or downstream processing 
enzyme in the geosmin biosynthetic pathway (Jiang, 2006; Jiang, 2007). Geosmin is a 
powerful odorant with an extremely low human detection threshold of less than 10 parts-
per-trillion, and is mainly responsible for the characteristic odor of freshly turned earth 
(Gerber, 1979; Buttery, 1976). Although geosmin contributes to the pleasant, earthy flavor 
of beets (Tyler, 1978) it is also a commonly occurring contaminant of musty-tasting water, 
wine, and fish (Heil, 1988; Jardine, 1999; Schrader, 2005; Darriet, 2000). Geosmin is not 
known to cause human disease, but its detection and elimination from potable water 
sources is a critical environmental and water quality issue. 
Geosmin is produced by essentially all known species of the Gram-positive 
bacterial genus Streptomyces. Geosmin synthase from the soil bacterium Streptomyces 
coelicolor (ScGS) is a 726-residue, bifunctional sesquiterpene cyclase that catalyzes  
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Figure 2.1. Cyclization sequence catalyzed by bifunctional geosmin synthase from 
Streptomyces coelicolor (ScGS). The FPP cyclization reaction indicated in black is 
catalyzed by the N-terminal α domain, and the retro-Prins fragmentation reaction indicated 
in green is catalyzed by the C-terminal α domain. Reprinted with permission from Harris, 
G. G., Lombardi, P. M., Pemberton, T. A., Matsui, T., Weiss, T. M., Cole, K. E., Kӧksal, 
M., Murphy, F. V. IV, Vedula, L. S., Chou, W. K. W., Cane, D. E., and Christianson, D. 
W. (2015) Structural Studies of Geosmin Synthase, a Bifunctional Sesquiterpene Synthase 
with αα Domain Architecture That Catalyzes a Unique Cyclization-Fragmentation 
Reaction Sequence. Biochemistry 54, 7142-7155. Copyright 2015 American Chemical 
Society. 
  
 
 
11 
 
tandem metal ion-dependent cyclization and fragmentation reactions utilizing the C15 
substrate FPP to yield C12 geosmin, C3 acetone, and inorganic pyrophosphate (PPi) (Figure 
2.1) (Jiang, 2006; Jiang, 2007; Cane, 2003; He, 2004). The active site in the N-terminal 
domain of ScGS catalyzes the ionization-dependent cyclization of FPP to form PPi and two 
cyclic products: germacradienol (major product, 85%) and germacrene D (minor product, 
15%). After dissociation from the N-terminal domain, germacradienol is re-bound to the 
active site of the C-terminal domain where it is converted to geosmin in a protonation-
dependent cyclization reaction accompanied by the elimination of acetone through a retro-
Prins reaction (Jiang, 2007; Jiang, 2008). Analysis of the dependence of the ratio of 
geosmin to germacradienol on protein concentration has established that dissociation of the 
germacradienol intermediate is mandatory, suggesting that there is no direct channel for 
transfer of the intermediate from the active site of the N-terminal domain to that of the C-
terminal domain (Jiang, 2007). This diffusive transfer of the germacradienol intermediate 
is reminiscent of the established mode of transfer of the copalyl diphosphate intermediate 
between the class II and class I terpenoid synthase domains of abietadiene synthase and 
other labdane synthases (Peters, 2001). The observed fragmentation chemistry catalyzed 
by the C-terminal domain of ScGS is unprecedented in terpenoid cyclase reactions. Even 
more curious is the Mg2+ requirement for catalysis by the C-terminal domain, since the role 
for metal ion(s) is unclear in the absence of an isoprenoid diphosphate substrate; moreover, 
the fragmentation reaction does not require inorganic pyrophosphate. These results are 
supported by experiments with the individual recombinant N-terminal and C-terminal 
domains as well as reconstituted mixtures of the two (Jiang, 2007). 
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Because the tandem cyclization-fragmentation reactions catalyzed by ScGS require 
two distinct active sites, a unique αα domain architecture is predicted for ScGS based on 
primary structure analysis (Jiang, 2007). Although bacterial terpenoid cyclases usually 
consist of a single α domain, as first observed for the sesquiterpene cyclase pentalenene 
synthase (Lesburg, 1997), plant cyclases often include multiple domains. For example, αβ 
domain architecture is found in 5-epi-aristolochene synthase from Nicotiana tabacum 
(Starks, 1997), and αβγ domain architecture is found in taxadiene synthase from Taxus 
brevifolia (Kӧksal, Nature, 2011) (where α, β, and γ domains represent distinct folds, as 
classified by Oldfield, 2012). In contrast, ScGS is believed to adopt αα domain 
architecture: the N-terminal domain and the C-terminal domain are separated by a 41-
residue linker and share 28% and 29% amino acid sequence identity, respectively, with 
pentalenene synthase. Each domain contains characteristic metal ion-binding motifs of 
class I terpenoid cyclases: the aspartate-rich motif is found as D86DHFLE91 and 
D455DYYP459, and the “NSE/DTE” motif is found as N229DLFSYQRE237 and 
N598DVFSYQKE606. The high sequence identity (36%; Figure 2.2) shared by the N-
terminal and C-terminal domains of ScGS indicates that this two-domain enzyme likely 
arose from a gene duplication and fusion event. The ancestral gene most likely encoded a 
protein similar to a class I α domain cyclase, and the two halves of the enzyme evolved 
independent functions after the duplication event. 
 In this work, we report the X-ray crystal structure of the N-terminal domain of 
ScGS in complex with three Mg2+ ions and alendronic acid, a bisphosphonate inhibitor. 
This structure allows detailed analysis of the closed conformation of the N-terminal domain 
active site and comparison to other sesquiterpene cyclase active sites. Additionally,  
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Figure 2.2. Sequence alignment of ScGS N-terminal domain (residues 1-329) and C-
terminal domain (residues 330-726). These domains share 36% sequence identity. 
Alignment created with ENDscript 2 (Robert, 2014). 
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comparison of the liganded and unliganded structures of the ScGS N-terminal domain 
highlight conformational changes that occur upon ligand binding. Combined with 
homology models of the C-terminal domain, small-angle X-ray scattering (SAXS) 
measurements of full-length ScGS provide models for αα domain association. Functional 
characterization of the C-terminal domain indicates important residues for catalysis of 
geosmin formation. A basis for structural characterization of the C-terminal domain, 
isolated from the N-terminal domain, is also described.  
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Chapter 3: X-ray crystal structure of the N-terminal domain of Geosmin Synthase 
[Adapted with permission from Harris, G. G., Lombardi, P. M., Pemberton, T. A., Matsui, 
T., Weiss, T. M., Cole, K. E., Kӧksal, M., Murphy, F. V. IV, Vedula, L. S., Chou, W. K. 
W., Cane, D. E., and Christianson, D. W. (2015) Structural Studies of Geosmin Synthase, 
a Bifunctional Sesquiterpene Synthase with αα Domain Architecture That Catalyzes a 
Unique Cyclization-Fragmentation Reaction Sequence. Biochemistry 54, 7142-7155. 
Copyright 2015 American Chemical Society.] 
3.1 Materials and Methods 
3.1.1 Expression and purification of full-length ScGS and ScGS690 
The plasmid encoding full-length ScGS was prepared previously in the Cane 
laboratory, and this protein was expressed and purified as described (Cane, 2003). 
However, we were unable to crystallize full-length ScGS. Because the last 36 residues were 
predicted to be disordered using the DISOPRED server (Ward, 2004) and could possibly 
hinder crystallization, we prepared a new construct in which these residues were deleted to 
yield a 690-residue protein. This truncated construct was prepared by PCR mutagenesis 
using forward primer 5’GGCATCCTCAACTGGCACCGGTAGTAGCCCCGTTACA-
AGGCCGAGTACC-3’ and reverse primer 5’-AGGTACTCGGCCTTGTAACGGGGCT-
ACTACCGGTGCCAGTTGAGGATGCC-3’ (underlined nucleotides denote the 
mutagenic codons). PCR products were purified by gel electrophoresis and extracted 
according to manufacturer instructions (QIAGEN, QIAQuick Gel Extraction Kit). Purified 
PCR products were digested with DpnI at 37 °C for 1 h, transformed into XL1-Blue 
Escherichia coli, and plated on Lysogeny Broth (LB) agar medium typically containing 50 
µg/mL ampicillin. Single colonies were used to inoculate 5-mL cultures of LB media with 
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antibiotic (50 µg/mL ampicillin). These 5-mL cultures were grown overnight (16–18 h) at 
37 °C with 250 rpm shaking, pelleted by centrifugation (~4000 x g, 20 min, 4 °C), and 
plasmid DNA was extracted using a QIAGEN QIAprep Spin Miniprep Kit. The plasmid 
was confirmed to encode the desired 690-residue protein by sequencing at the DNA 
Sequencing Facility at the Perelman School of Medicine, University of Pennsylvania. 
A His6-tag was added to the C-terminus of this protein to facilitate its purification. 
Thus, although 36 residues were deleted from the C-terminus of full-length ScGS, 8 
residues were added to the C-terminus of this construct (the His6 motif plus a 2-residue 
linker) such that the ScGS690 construct has a net loss of 28 residues from the C-terminus. 
PCR amplification (using PfuUltra DNA polymerase and 7% DMSO) of an NdeI-KpnI 
fragment was conducted using forward primer 5’-GCAGCAGCACATATGACGCAACA-
GCCCTTCCAACTCCCGCAC-3’ and reverse primer 5’- GCAGCAGCAGGTACCCCG-
GTGCCAGTTGAGGATGC-CGGC-3’ (underlined nucleotides denote restriction sites for 
NdeI and KpnI, respectively). The PCR-amplified insert was purified by agarose gel 
electrophoresis and extracted. The insert was digested with NdeI and KpnI at 37 °C for 3 
h, gel purified, and extracted to prepare the final insert fragment for ligation.  
A variant of the pET22b vector (pET22bMV; Novagen) was used for ligation. A 
KpnI restriction site immediately upstream of the C-terminal His6-tag was created using 
PCR with the following forward and reverse mutagenic primers: 5′-
CGTCGACAAGCTTGCGGCCGCAGGTACCCACCACCACCACCACCACTGAG-3′ 
and 5′-CTCAGTGGTGGTGGTGGTGGTGGGTACCTGCGGCCGCAAGCTTGTCGA-
CG-3′ (underlined nucleotides denote the restriction site for KpnI). The vector was digested 
with NdeI, KpnI, and calf intestinal alkaline phosphatase at 37 °C for 3 h, gel purified, and 
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extracted. The insert and vector were ligated using DNA ligase with 1:1, 2:1, and 5:1 
insert:vector molar ratios at 15 °C overnight. Ligation products were transformed into 
XL1-Blue E. coli and plated on LB agar medium containing 50 µg/mL ampicillin. Single 
colonies were used to inoculate 5-mL cultures of LB media with antibiotic (50 µg/mL 
ampicillin), and plasmid DNA was extracted from the overnight cultures. DNA sequencing 
confirmed that the protein encoded by this plasmid, ScGS690, included residues 1-690 of 
ScGS and a C-terminal His6-tag to facilitate purification. 
 This plasmid was transformed into BL21(DE3)pLysS E. coli, and cells were plated 
on LB agar medium containing 34 µg/mL chloramphenicol and 100 µg/mL ampicillin. 
Single colonies were used to inoculate 5-mL cultures of LB media with antibiotic (34 
µg/mL chloramphenicol and 50 µg/mL ampicillin). These 5-mL cultures were grown 
overnight (16–18 h) at 37 °C with 250 rpm shaking. Overnight cultures were used to 
inoculate 1-L cultures of LB media with antibiotic (34 µg/mL chloramphenicol and 50 
µg/mL ampicillin). These 1-L cultures were grown at 37 °C with 250 rpm shaking until 
reaching an OD600 of 0.5-0.8. Cultures were cooled to 18-20 °C and induced with 1 mL of 
1 M isopropyl-β-D-1-thiogalactopyranoside (IPTG). Induction continued overnight at 18-
20 °C with 250 rpm shaking. 
 Cells were harvested by centrifugation (4200 x g, 10 min, 4 °C) and resuspended 
in buffer A [50 mM Tris (pH 8.2), 50 mM NaCl, 5 mM MgCl2, 20% glycerol, 5 mM β-
mercaptoethanol (BME)] with protease inhibitor cocktail added. Cells were lysed by 
sonication and the cell lysate was clarified by centrifugation (30,000 x g, 1 h, 4 °C). 
Supernatant was loaded onto a Ni-IDA affinity column that had been equilibrated with 
buffer A. The column was washed with 90% buffer A/10% buffer B [50 mM Tris (pH 8.2), 
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50 mM NaCl, 5 mM MgCl2, 250 mM imidazole, 20% glycerol, 5 mM BME], and protein 
was eluted with 20% buffer A/80% buffer B. Protein purity was assessed by sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Unfortunately, we were 
unable to crystallize ScGS690, so we resorted to proteolytic treatment to generate a protein 
sample that would crystallize. 
 3.1.2 Limited proteolysis of ScGS690 
Fractions containing ScGS690 were concentrated to 1 mg/mL and subjected to 
limited proteolysis by proteinase K using the following conditions: 1:1000 
protease:substrate in the presence of 5 mM CaCl2, incubated at room temperature for 30 
minutes. The proteolysis reaction was quenched with 5 mM phenylmethanesulfonyl 
fluoride. The limited proteolysis mixture was concentrated to approximately 5 mL by 
centrifugation and loaded onto a Superdex-200 size exclusion column that had been 
equilibrated with size exclusion chromatography buffer [25 mM Tris (pH 8.2), 5 mM 
MgCl2, 5 mM BME]. Two protein peaks were observed on the size exclusion 
chromatogram, corresponding to the molecular weight of a complex of two domains, and 
the molecular weight of a single domain. Fractions containing these two species were 
separated and concentrated to approximately 10 mg/mL. Protein purity was assessed by 
SDS-PAGE. 
3.1.3 X-ray crystal structure determination 
For ScGS690 after limited proteolysis, fractions from the size exclusion column 
containing two-domain and single-domain proteins were isolated and used for separate 
crystallization trials using the sitting-drop vapor diffusion method. Only single-domain 
protein samples yielded crystals. Typically, a 0.6-µL drop of protein solution [7 mg/mL 
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protein, 25 mM Tris (pH 8.2), 5 mM MgCl2, 10 mM BME, and 1.5 mM sodium 
alendronate] was added to a 0.6-µL drop of precipitant solution [0.2 M sodium acetate 
trihydrate (pH 7.0), and 20% (w/v) polyethylene glycol 3,350] and equilibrated against a 
100-µL reservoir of precipitant solution at room temperature. Crystals formed from these 
conditions contained only the N-terminal domain of ScGS, residues 1–338, as confirmed 
by mass spectrometry. Hence, this protein was designated ScGS338. Crystals of ScGS338 
belonged to space group P43212 (a = b = 67.223 Å, c = 345.454 Å; α = β = γ = 90°) with 
two molecules in the asymmetric unit. These crystals diffracted X-rays to 2.11 Å resolution 
at the National Synchrotron Light Source, beamline X-29, Brookhaven National 
Laboratory. 
X-ray diffraction data sets were indexed, integrated, and scaled using HKL2000 
(Otwinowski, 1997). The crystal structure of ScGS338 in complex with three Mg
2+ ions and 
alendronate was determined by molecular replacement with the unliganded ScGS366 
structure used as a search model (Harris, 2015). Manual model building and refinement 
were performed with COOT (Emsley, 2010) and PHENIX (Adams, 2010), respectively. 
Structure validation of each final model was performed using MolProbity (Chen, 2010). 
Data collection and refinement statistics for the liganded structure of the N-terminal 
domain of ScGS are recorded in Table 3.1. Disordered segments characterized by 
uninterpretable broken or missing electron density were excluded from the final models. 
In the structure of the ScGS338-Mg
2+
3-alendronate complex, these segments included D116-
A119. 
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Table 3.1 Data collection and refinement statistics for the ScGS338-Mg
2+
3-alendronate 
complex  
A. Data Collection 
Resolution limits (Å) 48.2 – 2.11 
Total/unique reflections measured 567185/46408 
Space group P43212 
Unit cell:  67.2, 67.2, 345.4 
Rmerge
a,b 0.145 (0.918) 
I/σ(I)a 14.64 (1.68) 
Completeness (%)a 98.8 (98.6) 
CC1/2 0.791 (0.391) 
B. Refinement 
Reflections used in refinement/test set 43984/2282 
Rwork
a,c 0.207 (0.301) 
Rfree
a,c 0.250 (0.352) 
Protein atomsd 5099 
Ligand atomsd 28 
Mg2+ ionsd 6 
Solvent atomsd 145 
R.m.s. deviations 
bonds (Å) 0.006 
angles (deg) 0.9 
Average B factors (Å2) 44 
Main chain 43 
Side chain 45 
Ligand 37 
Solvent 44 
Ramachandran Plot (%)e 
Allowed 92.7 
Additionally allowed 7.0 
Generously allowed 0.4 
Disallowed 0.0 
 
aNumbers in parentheses refer to the highest resolution shell of data. bRmerge for replicate 
reflections, R = ∑|Ih – Ih|/∑Ih; Ih = intensity measure for reflection h; and Ih = average 
intensity for reflection h calculated from replicate data. cRwork = ∑||Fo| – |Fc||/∑|Fo| for 
reflections contained in the working set. Rfree = ∑||Fo| – |Fc||/∑|Fo| for reflections contained 
in the test set held aside during refinement (5% of total). |Fo| and |Fc| are the observed and 
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calculated structure factor amplitudes, respectively. dPer asymmetric unit. eEvaluated with 
PROCHECK. Adapted with permission from Harris, G. G., Lombardi, P. M., Pemberton, 
T. A., Matsui, T., Weiss, T. M., Cole, K. E., Kӧksal, M., Murphy, F. V. IV, Vedula, L. S., 
Chou, W. K. W., Cane, D. E., and Christianson, D. W. (2015) Structural Studies of 
Geosmin Synthase, a Bifunctional Sesquiterpene Synthase with αα Domain Architecture 
That Catalyzes a Unique Cyclization-Fragmentation Reaction Sequence. Biochemistry 54, 
7142-7155. Copyright 2015 American Chemical Society. 
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3.2 Crystal structure of ScGS338-Mg2+3-alendronate complex 
The N-terminal cyclase domain of ScGS resulting from proteolytic treatment of 
ScGS690, designated ScGS338, adopts the α-helical class I terpenoid synthase fold as first 
observed in the crystal structure of avian farnesyl diphosphate synthase (Tarshis, 1994). 
Designated as the "α fold" (Oldfield, 2012), key features of this fold include characteristic 
metal ion-binding motifs D86DHFLE91 and N229DLFSYQRE237 in which underlined 
residues coordinate to a cluster of 3 Mg2+ ions in complex with the bisphosphonate inhibitor  
alendronate (Figure 3.1; alendronate is formulated as the drug Fosamax used to treat 
osteoporosis; Ezra, 2000). Water molecules complete octahedral coordination polyhedra 
for all three Mg2+ ions. In this case, ScGS338 was co-crystallized with Mg
2+, but class I 
terpene cyclases can often alternatively bind a trinuclear Mn2+ cluster (Christianson, 2006). 
While almost identical metal coordination geometry can be obtained with Mg2+ or Mn2+, 
alternate Mn2+ binding often reduces cyclization efficiency when compared to Mg2+-bound 
enzymes, and Mn2+-bound cyclases can produce higher amounts of alternative cyclization 
products (Cane, 1996). For ScGS, alternative metals Fe2+ and Cu2+ were shown to inhibit 
geosmin formation, and the enzyme displays a strong preference for Mg2+ cofactor (Jiang, 
2006), indicating the likely biological relevance of Mg2+ in this system. In addition to metal 
ion coordination, the bisphosphonate moiety is also stabilized by hydrogen bonds with 
R184, R236, R325, and Y326. Thus, 3 metal ions, 3 basic residues, and the phenolic 
hydroxyl group of a tyrosine stabilize the anionic bisphosphonate moiety. These 
interactions are also expected to accompany the binding of the diphosphate group of 
substrate FPP. 
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Figure 3.1. (A) Simulated annealing omit maps of the Mg2+ ions (magenta map, contoured 
at 2.5σ) and the bisphophonate inhibitor alendronate (gray map, contoured at 2.5σ) bound 
in the active site of the N-terminal domain construct ScGS338 (structure determined at 2.11 
Å resolution). Alendronate atoms are color-coded as follows: C = green, N = blue, O = red, 
P = orange. Metal ligands in the aspartate-rich segment (red) on helix D and the NSE 
segment (orange) on helix H are labeled. (B) Metal coordination interactions (solid lines) 
and hydrogen bond interactions (dashed lines) in the ScGS338-Mg
2+
3-alendronate complex. 
Atoms are color-coded as follows: C = red (aspartate-rich metal-binding motif), orange 
(NSE metal-binding motif), cyan (diphosphate recognition motif), and green (alendronate); 
N = blue, O = red, P = yellow; Mg2+ ions are large magenta sphere, water molecules are 
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small red spheres. Reprinted with permission from Harris, G. G., Lombardi, P. M., 
Pemberton, T. A., Matsui, T., Weiss, T. M., Cole, K. E., Kӧksal, M., Murphy, F. V. IV, 
Vedula, L. S., Chou, W. K. W., Cane, D. E., and Christianson, D. W. (2015) Structural 
Studies of Geosmin Synthase, a Bifunctional Sesquiterpene Synthase with αα Domain 
Architecture That Catalyzes a Unique Cyclization-Fragmentation Reaction Sequence. 
Biochemistry 54, 7142-7155. Copyright 2015 American Chemical Society. 
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Interestingly, in other cyclase structures the 3 basic residues that donate hydrogen 
bonds to the substrate diphosphate group comprise a combination of arginine and lysine 
side chains (Aaron, Pure Appl. Chem., 2010). However, in ScGS338 the 3 basic residues are 
all arginine side chains. Additionally, in some but not all cyclase active sites there is a 
tyrosine that donates a hydrogen bond to a diphosphate oxygen of inorganic pyrophosphate 
(PPi) or a similar anionic ligand such as a bisphosphonate (Aaron, Pure Appl. Chem., 2010). 
In addition to providing a sufficient driving force to trigger FPP ionization, these hydrogen 
bond interactions along with metal coordination interactions help maintain the active site 
in a closed conformation, inaccessible to bulk solvent, for the duration of the cyclization 
cascade. As a consequence, carbocation intermediates in catalysis are thereby protected 
from premature quenching by bulk solvent. 
The pendant propylamino group of alendronate binds in the predominantly 
nonpolar region of the active site, along with 8 solvent molecules. While the pKa of this 
amino group is approximately 10.9 in aqueous solution (Ezra, 2000), this pKa may be 
sufficiently perturbed by the hydrophobic environment so that the amino group is not 
protonated in the bound complex. The amino group donates a hydrogen bond to the 
backbone carbonyl oxygen of V82. It is interesting to note that 4 aromatic residues 
contribute significant surface area to the active site contour: F83, W192, F221, and W312. 
Although these residues may stabilize carbocation intermediates in catalysis through 
cation-π interactions, they are not sufficiently well oriented to similarly stabilize the buried 
propylamino group of alendronate. 
 The ScGS338-Mg
2+
3-alendronate complex crystallizes with an isologous dimer in 
the asymmetric unit. Accordingly, the active sites of the two protein molecules are oriented 
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in antiparallel fashion. Single α-domain terpenoid synthases generally crystallize as 
monomers or dimers; those that crystallize as dimers usually contain monomers oriented 
in antiparallel fashion, as observed here. Occasionally, dimers comprised of parallel 
monomers are observed, for example, in the crystal structures of avian farnesyl diphosphate 
synthase (Tarshis, 1994) or methyl isoborneol synthase from S. coelicolor (Köksal, 2012). 
Assembly of the ScGS338 dimer buries a total of 819 Å
2 surface area and the dimer interface 
is mainly comprised of helices G1, H1, α-1, and I. Dimer assembly is most similar to that 
observed in pentalenene synthase (Lesburg, 1997). 
 In terms of primary structure, the N-terminal domain of ScGS is most similar to 
hedycaryol synthase (27%/36% sequence identity/similarity) (Baer, ChemBioChem, 2014). 
Pentalenene synthase (Lesburg, 1997), while having a slightly lower sequence identity 
(26%) with the N-terminal domain of ScGS, has a higher sequence similarity (41%). 
ScGS338 has nearly identical helix topology to that found in the structures of pentalenene 
synthase and epi-isozizaene synthase (EIZS) (Lesburg, 1997; Aaron, Biochemistry, 2010). 
Nonetheless, the tertiary structure of ScGS338 most closely resembles that of selinadiene 
synthase (25%/38% sequence identity/similarity; PDB ID 4OKZ; Baer, Angew. Chem. Int. 
Ed., 2014) based on analysis with Dali (Holm, 2010). The r.m.s. deviation of 275 Cα atoms 
between ScGS338 and selinadiene synthase is 1.6 Å (as calculated with Coot), indicating a 
closer structural match than ScGS338 with 275 Cα atoms of pentalenene synthase (2.1 Å), 
293 Cα atoms of EIZS (2.0 Å), or 267 Cα atoms of hedycaryol synthase (2.6 Å), even 
though ScGS338 has a slightly higher sequence identity with these three enzymes than with 
selinadiene synthase. It is noteworthy that the three-dimensional structures of selinadiene 
synthase and the N-terminal domain of ScGS, each of which catalyzes the 1,10-cyclization 
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of FPP to yield a (E,E)-germacradienyl cation intermediate, are more similar to each other 
than to structures of enzymes that catalyze alternative cyclization reactions. For example, 
pentalenene synthase catalyzes an initial 1,11-ring closure reaction of FPP, while EIZS and 
hedycaryol synthase catalyze net 1,6- and 1,10-ring closure reactions, respectively, of the 
rearranged intermediate nerolidyl diphosphate. Evidently, similarities in tertiary structure 
rather than primary structure more accurately indicate similar template functions that 
determine the manner by which these enzymes enforce the initial cyclization of FPP. 
 There are also notable distinctions between the quaternary structures of these 
cyclases. Selinadiene synthase crystallizes as a tetramer, or dimer of parallel dimers, in the 
asymmetric unit. EIZS forms crystallographic dimers that are oriented in anti-parallel 
fashion, but the crystallographic dimer interface differs from that of the ScGS338 dimer. 
Pentalenene synthase appears to be most similar to ScGS338, as it crystallizes as a dimer in 
the asymmetric unit. The ScGS338 dimer is reminiscent of the pentalenene synthase dimer, 
as both structures have a quasi-antiparallel orientation of subunits, and share a similar 
dimer interface along helices H and I.  
 The crystal structure of the unliganded N-terminal domain of ScGS (ScGS366) was 
solved by a previous graduate student, Dr. Patrick Lombardi. The overall structure of 
unliganded ScGS366 is similar to that of ScGS338 in its complex with 3 Mg
2+ ions and 
alendronate, with an r.m.s. deviation of 1.2 Å for 301 Cα atoms. However, in comparison 
with the liganded structure, notable conformational changes are evident that reflect active 
site closure upon ligand binding (Figure 3.2). Specifically, most of the helices shift 2-3 Å 
inward towards the active site upon ligand binding; in particular helix D, bearing the 
aspartate-rich motif, moves closer to helix H to optimize the geometry for coordination of  
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Figure 3.2. Structural comparison of unliganded and liganded N-terminal domain 
structures of ScGS reveals conformational changes that accompany active site closure 
triggered by the binding of 3 Mg2+ ions and alendronate. These conformational changes 
are also expected to accompany the binding of 3 Mg2+ ions and substrate FPP. Reprinted 
with permission from Harris, G. G., Lombardi, P. M., Pemberton, T. A., Matsui, T., Weiss, 
T. M., Cole, K. E., Kӧksal, M., Murphy, F. V. IV, Vedula, L. S., Chou, W. K. W., Cane, 
D. E., and Christianson, D. W. (2015) Structural Studies of Geosmin Synthase, a 
Bifunctional Sesquiterpene Synthase with αα Domain Architecture That Catalyzes a 
Unique Cyclization-Fragmentation Reaction Sequence. Biochemistry 54, 7142-7155. 
Copyright 2015 American Chemical Society.  
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Mg2+A and Mg
2+
C by D86. In contrast, metal-coordinating residues in the “NSE” motif on 
helix H adopt nearly identical conformations in the liganded and unliganded structures, so 
the Mg2+B binding site is essentially pre-formed for function. The most significant 
structural change upon ligand binding is the disorder-order transition for N168-A175 in 
helix F. This conformational transition contributes significant surface area to the enclosed 
active site contour and serves to fully close the active site during catalysis. 
 A significant conformational change in the ligand-binding residues R325 and Y326 
is also observed upon ligand binding to ScGS338. While these residues are oriented away 
from the active site in the unliganded state and make crystal contacts with E182 from a 
neighboring protein molecule, these residues both donate hydrogen bonds to the 
bisphosphonate moiety of alendronate in the liganded structure (Figure 3.3). These 
conformational changes are similar to those observed upon ligand binding to EIZS (Aaron, 
Biochemistry, 2010). In the structure of EIZS complexed with Mg2+3-PPi and the 
benzyltriethylammonium cation, conserved residues R338 and Y339 donate hydrogen 
bonds to the PPi anion. By contrast, in structures of unliganded EIZS, these residues are 
either disordered and not observed in the electron density, or are flipped outward, away 
from the active site, similar to the unliganded structure of ScGS366. Other conformational 
changes generally observed upon ligand binding to class I terpenoid cyclases, such as the 
ordering of the H-α-1 loop, α-1 helix, and the J-K loop (observed in EIZS), are not observed 
upon binding of three Mg2+ ions and alendronate to ScGS. Both the H-α-1 loop and the α-
1 helix are ordered and in very similar positions in the structures of unliganded ScGS366 
and liganded ScGS338. Electron density for the J-K loop is observed for almost identical 
portions of the sequence of ScGS in the unliganded and liganded structures (to K329 in the  
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Figure 3.3. An alignment of the ScGS366 unliganded (orange) and ScGS338 liganded (blue) 
structures of the ScGS N-terminal domain. Residues R325 and Y326 are shown as sticks. 
In unliganded ScGS366, these side chains flip out toward solvent, away from the active site. 
In liganded ScGS338, these side chains flip in toward the active site, acting as hydrogen 
bond donors to stabilize the alendronate ligand.  
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liganded structure, and to N328 in the unliganded structure), and in fact helix J is slightly 
longer in the unliganded structure, whereas the corresponding sequence uncoils to form the 
J-K loop in the liganded structure. 
Because the first step of the cyclization cascade catalyzed by a class I terpenoid 
cyclase is always the ionization of the diphosphate group of FPP, the three-dimensional 
contour of the active site encodes all the information required to direct a unique sequence 
of carbon-carbon bond-forming reactions. The most important step in such a sequence is 
the initial macrocyclization reaction, since this sets the stage for all subsequent steps. The 
initial binding conformation of FPP is enforced by the active site contour and determines 
whether a 1,6- or 1,7-cyclization reaction occurs via an ionization-isomerization-
reionization sequence, whether a 1,10-cyclization reaction occurs with or without allylic 
isomerization, or whether a direct 1,11-cyclization reaction will take place (Figure 1.3). 
The active site contours of enzymes that direct initial net-1,6-cyclizations, such as epi-
isozizaene synthase (Aaron, Biochemistry, 2010) and trichodiene synthase (Rynkiewicz, 
2001), tend to be somewhat narrow and deep. In contrast, enzymes that direct 1,10-
cyclization reactions, such as selinadiene synthase (via direct formation of a (E,E)-
germacradienyl cation intermediate) (Baer, Angew. Chem. Int. Ed., 2014) and hedycaryol 
synthase (via initial isomerization to nerolidyl diphosphate followed by formation of a 
(Z,E)-helminthogermacradienyl cation) (Baer, ChemBioChem, 2014), as well as an enzyme 
that directs a 1,11-cyclization reaction, pentalenene synthase (Lesburg, 1997), all appear 
to have wider, shallower active sites (Figure 3.4). 
Intriguingly, the N-terminal domain of ScGS has an active site contour that is 
deeper than that of other enzymes that catalyze initial 1,10-cyclization reactions, and it also  
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Figure 3.4. Active site contours for sesquiterpene cyclases that catalyze isomerization-1,6-
cyclization reactions: (A) epi-isozizaene synthase (PDB 3KB9) and (B) trichodiene 
synthase (PDB 2Q9Z); 1,10-cyclization reactions via (E,E)-germacradienyl cation: (C) 
ScGS338 (PDB 5DZ2) and (D) selinadiene synthase (PDB 4OKZ); isomerization-1,10-
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cyclization reaction via (Z,E)-helminthogermacradienyl cation: (E) hedycaryol synthase 
(PDB 4MC3); and a 1,11-cyclization reaction: (F) pentalenene synthase (PDB 1PS1). The 
active site contours for cyclases that catalyze a 1,6-cyclization, (A) and (B), are deeper than 
their width, with slightly narrower necks. The active site contours for cyclases that catalyze 
a 1,10- or 1,11-cyclization, (D), (E), and (F), are more “squat”, and are shallower compared 
to their width at the mouth of the active site. For ScGS338, (C), which catalyzes a 1,10-
cyclization, the active site is somewhat of a structural hybrid, exhibiting both a wide neck 
at the mouth of the active site, and significant depth comparable to the 1,6-cyclization 
enzymes. Note that, for the six structures shown, two enzymes (hedycaryol synthase and 
pentalenene synthase) were not crystallized containing Mg2+ ions bound at the active site; 
the orientations of these enzymes in the figure above were chosen by aligning the 
conserved metal-coordinating motifs with those of the metal-bound enzymes. Active site 
contour in meshwork created with VOIDOO (Kleywegt, 1994). Reprinted with permission 
from Harris, G. G., Lombardi, P. M., Pemberton, T. A., Matsui, T., Weiss, T. M., Cole, K. 
E., Kӧksal, M., Murphy, F. V. IV, Vedula, L. S., Chou, W. K. W., Cane, D. E., and 
Christianson, D. W. (2015) Structural Studies of Geosmin Synthase, a Bifunctional 
Sesquiterpene Synthase with αα Domain Architecture That Catalyzes a Unique 
Cyclization-Fragmentation Reaction Sequence. Biochemistry 54, 7142-7155. Copyright 
2015 American Chemical Society. 
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has a wider neck than that of enzymes that catalyze initial 1,6-isomerization-cyclization 
reactions (Figure 3.4). Thus, the three-dimensional contour of the ScGS N-terminal domain 
active site appears to be a structural hybrid in that it exhibits features of both general active 
site shapes. Additionally, the active site contour of the N-terminal domain branches at its 
base, forming a shape somewhat like that of a “mitten”, a feature that is not observed in 
the 1,10-cyclization active sites of either selinadiene synthase (which generates a 
germacradienyl cation from FPP) or hedycaryol synthase (which generates a 
helminthogermacradienyl cation via nerolidyl diphosphate). Otherwise, the chemical 
nature of the N-terminal domain active site is similar to that of other terpenoid cyclases in 
that it is mainly hydrophobic. The active site contains a few aromatic residues, one of which 
in particular (F83) has its ring face oriented so as to enable stabilization of carbocation 
intermediates by cation-π interactions. 
In the active site of the N-terminal domain of ScGS, the diphosphate group of FPP 
is presumed to bind in a similar manner to the bisphosphonate group of alendronate as 
observed in its complex with ScGS338. With FPP locked in this orientation, there is 
sufficient active site volume for FPP to adopt the conformation required for the initial 1,10-
cyclization reaction following ionization of the diphosphate group (Figure 3.5). The 
initially formed germacradienyl cation intermediate must be deprotonated to generate the 
novel isolepidozene intermediate. Proton-initiated ring opening of the vinylcyclopropyl 
moiety and quenching of the resultant homoallylic cation by water then affords 
germacradienol, the major product of the cyclization reaction catalyzed by the N-terminal 
domain. Possible general acids and/or general bases that may participate in this reaction 
might include E161, which is located near Mg2+C at the neck of the active site. Although  
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Figure 3.5. Model of substrate FPP bound in the active site of the N-terminal domain of 
ScGS; the position of the FPP diphosphate group is based on the position of the 
bisphosphonate group of alendronate in the ScGS338-Mg
2+
3-alendronate complex. Protein 
atoms are color coded as follows: C = dark blue, N = blue, O = red, Mg2+ = magenta; for 
the FPP stick figure, C = yellow, P = orange, O = red. The active site contour is indicated 
by light gray meshwork, and a red dashed line indicates the trajectory of initial carbon-
carbon bond formation between C1 and C10 of FPP. The additional volume in the lower 
active site may accommodate a trapped solvent molecule that quenches the final 
carbocation intermediate. Active site contour in meshwork created with VOIDOO 
(Kleywegt, 1994). Reprinted with permission from Harris, G. G., Lombardi, P. M., 
Pemberton, T. A., Matsui, T., Weiss, T. M., Cole, K. E., Kӧksal, M., Murphy, F. V. IV, 
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Vedula, L. S., Chou, W. K. W., Cane, D. E., and Christianson, D. W. (2015) Structural 
Studies of Geosmin Synthase, a Bifunctional Sesquiterpene Synthase with αα Domain 
Architecture That Catalyzes a Unique Cyclization-Fragmentation Reaction Sequence. 
Biochemistry 54, 7142-7155. Copyright 2015 American Chemical Society. 
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E161 forms a salt link with R184, it appears to be ideally located to deprotonate Hb from 
the C1 atom to form isolepidozene. Other potential catalytic groups include H226 and  
H320, which are situated more deeply in the active site. Finally, since water is a co-
substrate in the reaction, one or more of the active site water molecules observed in the 
ScGS338-Mg
2+
3-alendronate complex may remain trapped in the active site upon FPP 
binding. There is sufficient extra volume in the active site of the modeled enzyme-substrate 
complex to accommodate trapped solvent (Figure 3.5). 
 The structure of ScGS338 in complex with three Mg
2+ ions and alendronic acid 
demonstrates that the N-terminal domain of ScGS adopts the canonical class I terpene 
cyclase fold and coordinates catalytically-required metal ions in the same manner as other 
class I cyclases. The “RY” pyrophosphate recognition motif appears to play an important 
role in binding the pyrophosphate moiety of the ligand, and the conservation of this motif 
in the C-terminal domain of ScGS may indicate a catalytic role for pyrophosphate in the 
C-terminal domain cyclization reaction. The overall shape of the active site of ScGS338 
indicates that this enzyme is structurally more similar to cyclases that catalyze similar 
initial 1,10-cyclization steps, even though these enzymes may share lower sequence 
identity compared to other class I cyclases. The model of FPP placed into the active site 
structure demonstrates that the substrate can be accommodated in a productive 
conformation in the active site of the N-terminal domain. The X-ray crystal structure of 
ScGS338 highlights key residues and structural aspects of this domain that are consistent 
with biochemical studies of catalysis by the N-terminal domain of ScGS. 
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Chapter 4: Small-angle X-ray Scattering measurements of Geosmin Synthase 
4.1 Introduction – SAXS 
 Although structural biology techniques that can give atomic-level resolution 
information about macromolecules, such as X-ray crystallography and NMR spectroscopy, 
are extremely valuable for functional studies, not all proteins and protein complexes are 
amenable to study with these methods. A technique that provides lower resolution 
structural data, such as small-angle X-ray scattering (SAXS), can provide a wealth of 
information on the size and shape of proteins across a wide range of molecular weights and 
structural properties. Especially coupled with high resolution structural data from another 
technique such as X-ray crystallography, SAXS analysis can be very valuable for the study 
of protein structure across many levels of protein structural organization, from unstructured 
portions of proteins to domain interactions and oligomerization states. 
 SAXS is similar in many ways to X-ray crystallography; in both techniques, a 
collimated X-ray beam (typically a synchrotron radiation source) is directed at a protein 
sample, and X-rays scattered by the sample are observed with an X-ray detector. In 
crystallography, the protein sample is crystalline and gives rise to diffraction spots. In 
SAXS, a highly concentrated solution protein sample is used, in which the protein 
molecules that scatter X-rays are randomly oriented with respect to the incident X-ray 
beam. This random orientation causes the scattering signal from all protein molecules to 
be averaged together, and hence the scattering detected is continuous and isotropic (radially 
symmetric) (Putnam, 2007). 
 In a SAXS experiment, intensity of scattering, I(q), is measured at values of q, 
which is typically related to scattering angle as q = (4πsinθ)/λ , where 2θ is the scattering 
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angle and λ is the wavelength of the incident X-ray beam (Figure 4.1). Because the bulk 
solvent in the sample also scatters X-rays, the scattering contribution from solvent must be 
subtracted from the overall scattering intensities to yield the scattering from only the target 
protein in solution. The scattering curve, I(q) vs. q, is in reciprocal space, as q has units of 
Å-1. As in X-ray crystallography, data at low scattering angles (low q) contain low 
resolution information, and data at high scattering angles (high q) contain high resolution 
information. The resolution limit for SAXS is typically 10 – 50 Å (Putnam, 2007). 
 Structural information can be derived from scattering data by use of the Guinier 
approximation, which holds true at low q (qRg < 1.3 for globular proteins; Putnam, 2007). 
The formula for the Guinier approximation is 
ln[I(q)] = ln[I(0)] – [(q2Rg2)/3] 
where I(0) is the scattering intensity extrapolated to q = 0 (at the beam stop). The Rg can 
be calculated from the slope of the plot ln[I(q)] vs. q2 (Figure 4.2). Rg is the square root of 
the average squared distance of each scatterer in the protein from the center of the scattering 
particle. 
 As in X-ray crystallography, real space information can be derived from scattering 
data by use of a Fourier transform (Putnam, 2007). In SAXS, the pair-distribution function, 
P(r), is calculated from a Fourier transform of the scattering curve (Figure 4.2). The P(r) 
function is a histogram of inter-particle distances in the scattering particle, and is analogous 
to the Patterson function in X-ray crystallography. Values for Rg and I(0) can be calculated 
from the pair-distribution function, which includes higher resolution data collected across 
all q, rather than just low resolution data used in the Guinier approximation. A good match 
between Rg and I(0) values calculated from these different functions is an indication of  
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Figure 4.1.  X-ray interactions with sample for SAXS and crystallography. (a) Both SAXS 
and X-ray crystallography involve placing a sample (orange) into a highly collimated X-
ray beam (red) and measuring the scattered X-rays. The angle of any scattered position 
with the direct beam is 2θ. (b) Scattering from a solution of yeast PCNA with a maximum 
resolution of 23·9 Å. (c) Diffraction from a nickel superoxide dismutase crystal at 2·0 Å 
resolution. The equivalent position of the highest resolution of the SAXS experiment is 
indicated (red circle). The blue circle indicates the highest resolution achievable 
(q=0·6 Å−1) for SAXS data collection at SIBYLS. Both images collected at beamline 
12.3.1 (SIBYLS) at the Lawrence Berkeley National Laboratories. Diffraction image 
courtesy David Barondeau, Department of Chemistry, Texas A&M University. Reprinted 
with permission from Putnam, C. D., Hammel, M., Hura, G. L., and Tainer, J. A. (2007) 
X-ray solution scattering (SAXS) combined with crystallography and computation: 
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defining accurate macromolecular structures, conformations and assemblies in solution. Q. 
Rev. Biophys. 40, 191-285. Copyright 2007 Cambridge University Press. 
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Figure 4.2. Experimental SAXS curves and parameters measured for the Pyrococcus 
furiosis PF1282 rubredoxin (magenta), the ‘designed’ scaffoldin protein S4 (red) 
(Hammel, 2005), the ‘designed’ minicellulosome containing three catalytic subunits 
(green), and the DNA-dependent protein kinase (blue). (a) D max of the scattering particle 
is a simple function of molecular weight for perfect spheres (spheres), but not for proteins 
that adopt different shapes (diamonds). Envelopes correspond to ab-initio models 
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calculated from experimental curves using GASBOR. (b) The experimental scattering 
curves for each protein show that the intensity of scattering falls more slowly for 
rubredoxin (RG 11 Å; magenta) than the minicellulosome (RG 82 Å; green). (c) The linear 
region of the Guinier plot, from which RG and I(0) can be derived, is function of the RG. 
(d) Each protein has both a substantially different Dmax as well as pair-distribution function, 
reflecting the different atomic arrangements. Reprinted with permission from Putnam, C. 
D., Hammel, M., Hura, G. L., and Tainer, J. A. (2007) X-ray solution scattering (SAXS) 
combined with crystallography and computation: defining accurate macromolecular 
structures, conformations and assemblies in solution. Q. Rev. Biophys. 40, 191-285. 
Copyright 2007 Cambridge University Press.  
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high data quality. Another important value that can be calculated from the P(r) function is  
Dmax, the longest inter-particle distance in the scattering profile (or the largest dimension 
of the protein of interest in solution.) 
 By using these and other treatments of the small-angle scattering data, size 
parameters, such as Rg, Dmax, molecular weight, and particle volume, can be calculated for 
the protein of interest. These parameters can be used to infer the folded-ness or aggregation 
state, overall shape, and oligomerization state of the protein in solution. Functional 
implications based on these parameters can often be noted, especially as the protein is in a 
relatively “native” state (in solution) compared to a crystalline state, as in X-ray 
crystallography. SAXS data can also be used for ab initio shape reconstruction of the 
scattering particle, providing a three-dimensional, visual representation of the shape of the 
protein in solution (Putnam, 2007). The shape reconstructions can be improved through the 
use of known information on particle symmetry, oligomerization state, and atomic 
resolution structures for portions of the protein of interest; this process is analogous to 
protein geometry restraints used in crystallographic refinement. Although the reconstructed 
“molecular envelope” is not exactly analogous to an electron density map calculated from 
diffraction data in X-ray crystallography, it can still be a useful representation of the protein 
of interest, particularly for proteins containing multiple domains. 
 In this work, we used SAXS to study constructs of ScGS containing two α domains 
to probe the domain interface and mode of association, and verify the oligomerization state 
of ScGS in solution. Since full-length ScGS is recalcitrant to crystallization, SAXS 
experiments provide a low-resolution view of the two-domain enzyme, verifying that the 
enzyme is well-folded and monomeric in solution. By using the N-terminal domain X-ray 
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crystal structure and C-terminal domain homology models, we used rigid body modeling 
to fit two α domains into the SAXS scattering profile, and propose models of domain 
association in ScGS that are consistent with the catalytic properties of the enzyme. 
4.2 Materials and Methods 
[Adapted with permission from Harris, G. G., Lombardi, P. M., Pemberton, T. A., Matsui, 
T., Weiss, T. M., Cole, K. E., Kӧksal, M., Murphy, F. V. IV, Vedula, L. S., Chou, W. K. 
W., Cane, D. E., and Christianson, D. W. (2015) Structural Studies of Geosmin Synthase, 
a Bifunctional Sesquiterpene Synthase with αα Domain Architecture That Catalyzes a 
Unique Cyclization-Fragmentation Reaction Sequence. Biochemistry 54, 7142-7155. 
Copyright 2015 American Chemical Society.] 
Samples of ScGS690 after Ni-IDA purification were used for macromolecular SAXS 
experiments at the Stanford Synchrotron Radiation Lightsource (SSRL), beamline 4-2. 
Protein samples were concentrated to 21 mg/mL, flash-cooled in liquid nitrogen, and 
shipped to the beamline on dry ice. Aggregation was observed upon thawing at the 
beamline; samples were centrifuged to pellet the aggregated protein, and the supernatant 
was used for SAXS experiments. Protein samples were run on a Superdex 200 PC3.2 
column (GE Healthcare) in SAXS buffer [25 mM Tris (pH 8.2), 5 mM MgCl2, 5 mM 
dithiothreitol] in the FPLC-coupled solution SAXS system. X-ray exposure times of 1.0 s 
were used throughout the data collection. Scattering curves were corrected using scattering 
data from the size exclusion chromatography effluent as background. PRIMUS was used 
to analyze the scattering curve, Guinier plot, Kratky plot, and Porod-Debye plot, and to 
calculate the radius of gyration (Rg) and Porod volume for each data set (Konarev, 2003). 
GNOM was used to calculate the pair distribution function P(r) and to estimate the 
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maximum dimension (Dmax) for the scattering particle (Svergun, 1992). Molecular 
envelopes for the scattering particles were generated using the ShapeUp server (Liu, 2012). 
Samples of full-length ScGS were used for macromolecular SAXS experiments at 
the SIBYLS beamline 12.3.1, Advanced Light Source, Lawrence Berkeley National 
Laboratory. Samples of full-length ScGS were analyzed at three concentrations (2 mg/mL, 
5 mg/mL, and 10 mg/mL) in a 96-well plate, and shipped to the beamline at 4 °C. At the 
beamline, SAXS data for each sample were collected at exposure times of 0.5 s, 1.0 s, 2.0 
s, and 4.0 s. The scattering curves for each sample were corrected for background by 
subtracting the scattering curve of the reference buffer. A merged data set for a sample of 
full-length ScGS at 10 mg/mL was created by combining the scattering at low q from the 
0.5 s exposure scattering curve, and the scattering at high q from the 2.0 s exposure 
scattering curve. Data analysis was performed as described above for SAXS experiments 
with ScGS690. Data collection statistics for all SAXS experiments are recorded in Table 
4.1. 
 
4.3 Results 
[Adapted with permission from Harris, G. G., Lombardi, P. M., Pemberton, T. A., Matsui, 
T., Weiss, T. M., Cole, K. E., Kӧksal, M., Murphy, F. V. IV, Vedula, L. S., Chou, W. K. 
W., Cane, D. E., and Christianson, D. W. (2015) Structural Studies of Geosmin Synthase, 
a Bifunctional Sesquiterpene Synthase with αα Domain Architecture That Catalyzes a 
Unique Cyclization-Fragmentation Reaction Sequence. Biochemistry 54, 7142-7155. 
Copyright 2015 American Chemical Society.] 
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Table 4.1 SAXS data collection statistics and structural parameters 
 
 ScGS690 Full-length ScGS 
A. Data collection 
Instrument SSRL BL4-2 SIBYLS 12.3.1 
Type of experiment SEC-SAXS Equilibrium SAXS 
Defining slits size (H mm x V mm) 0.3 x 0.3 N.A. 
Convergent beam size at sample 
(mm x mm) 
N.A. 4 x 1 
Sample-Detector distance (m) 2.5 1.5 
Wavelength (Å) 1.127 1.03 
q range (Å-1) 0.0047-0.36 0.0099-0.56 
Exposure time per frame (s) 1.0 0.5, 1.0, 2.0, 4.0 
Temperature (K) 293 293 
SEC column Superdex 200 
PC 3.2/30 
N.A. 
FPLC flow rate (ml/min) 0.05 N.A. 
Sample volume (µl) 120 (loaded to column) 24 
Concentration (mg/ml) 21.0 N.A. 
Concentration range (mg/ml) N.A. 2.0-10.0 
   
B. Structural parameters 
I(0) (cm-1) from Guinier 5819 1640 
Rg (Å) from Guinier 31.3 32.5 
I(0) (cm-1) from P(r) 5840 1647 
Rg (Å) from P(r) 31.6 32.8 
Dmax (Å) from P(r) 110 117 
Porod volume (Å3) 136000 125000 
Molecular weight (kDa) 78.5 81.5 
   
C. Software employed 
Primary data reduction SASTool SIBYLS beamline 
software 
Data processing PRIMUS PRIMUS 
P(r) estimation GNOM GNOM 
Ab initio analysis ShapeUp ShapeUp 
Rigid-body modeling CORAL CORAL 
Computation of model intensities FoXS FoXS 
Three-dimensional representations PyMOL PyMOL 
 
Adapted with permission from Harris, G. G., Lombardi, P. M., Pemberton, T. A., Matsui, 
T., Weiss, T. M., Cole, K. E., Kӧksal, M., Murphy, F. V. IV, Vedula, L. S., Chou, W. K. 
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W., Cane, D. E., and Christianson, D. W. (2015) Structural Studies of Geosmin Synthase, 
a Bifunctional Sesquiterpene Synthase with αα Domain Architecture That Catalyzes a 
Unique Cyclization-Fragmentation Reaction Sequence. Biochemistry 54, 7142-7155. 
Copyright 2015 American Chemical Society. 
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SAXS data collected for ScGS690 and full-length ScGS show that both proteins are 
well-folded and monodisperse in solution, and scattering in the Guinier region is linear 
(Figures 4.3 and 4.4; structural parameters are recorded in Table 4.1). The radius of 
gyration (Rg) calculated by PRIMUS using the Guinier approximation for ScGS690 is 31.3 
Å, and Rg for full-length ScGS is 32.5 Å. The slight increase in Rg for full-length ScGS is 
consistent with a slightly larger scattering particle due to 28 additional residues at the C-
terminus. Since the FoXS calculated Rg for ScGS338 is 18.8 Å, the measured Rg values for 
ScGS690 and full-length ScGS indicate a protein larger than a single α domain, i.e., a 
monomeric protein containing two α domains. Calculation of the pair-distance distribution 
function yields Dmax values of 110 Å and 117 Å, respectively, for ScGS690 and full-length 
ScGS. These Dmax values cannot distinguish between a monomer and a dimer. Inspection 
of the SAXS molecular envelopes for ScGS690 and full-length ScGS, however, strongly 
suggests a monomeric protein containing two α domains.  
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Figure 4.3. Guinier plot and P(r) distribution function for ScGS690 SAXS scattering data. 
Rg value calculated by Guinier analysis is 31.3 Å. Dmax calculated from the P(r) distribution 
is 110 Å.  
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Figure 4.4. Guinier plot and P(r) distribution function for full-length ScGS SAXS 
scattering data. Rg value calculated by Guinier analysis is 32.3 Å. Dmax calculated from the 
P(r) distribution is 117 Å.  
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Chapter 5: SAXS modeling of Geosmin Synthase 
[Adapted with permission from Harris, G. G., Lombardi, P. M., Pemberton, T. A., Matsui, 
T., Weiss, T. M., Cole, K. E., Kӧksal, M., Murphy, F. V. IV, Vedula, L. S., Chou, W. K. 
W., Cane, D. E., and Christianson, D. W. (2015) Structural Studies of Geosmin Synthase, 
a Bifunctional Sesquiterpene Synthase with αα Domain Architecture That Catalyzes a 
Unique Cyclization-Fragmentation Reaction Sequence. Biochemistry 54, 7142-7155. 
Copyright 2015 American Chemical Society.] 
5.1 Homology models of C-terminal domain 
 5.1.1 Materials and Methods 
Four online servers were used to create homology models of the C-terminal domain 
of ScGS: SWISS-MODEL, I-TASSER, Phyre2, and HHPred/MODELLER (Biasini, 2014; 
Roy, 2010; Kelley, 2015; Šali, 1995; Söding, 2005). For all models, residues G374-H698 
(as expressed in the ScGS690 construct containing a C-terminal His-tag) or the full-length 
C-terminal domain (residues G374-H726) were provided as the sequences to be modeled. 
For I-TASSER, Phyre2, and HHPred/MODELLER, no template was specified for 
modeling. Phyre2 created one ScGS C-terminal domain model using chain A of selinadiene 
synthase (PDB ID 4OKM; Baer, Angew. Chem. Int. Ed., 2014) as a structural template. I-
TASSER created three different ScGS C-terminal models using threading templates 
identified by LOMETS (Wu, 2007) with the highest significance; the top 10 threading 
alignments included structures of epi-isozizaene synthase (PDB IDs 3KB9, Aaron, 
Biochemistry, 2010; and 4LTV, Li, 2014), chain A of selinadiene synthase (PDB ID 
4OKM; Baer, Angew. Chem. Int. Ed., 2014), chain A of hedycaryol synthase (PDB ID 
4MC3; Baer, ChemBioChem, 2014), and chain B of N219L pentalenene synthase (PDB ID 
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1HM7; Seemann, 2002). HHPred performed a multiple sequence alignment, and 
MODELLER created one ScGS C-terminal domain model using chain A of hedycaryol 
synthase (PDB ID 4MC3; Baer, ChemBioChem, 2014) as a template. When chain A of the 
ScGS338 structure was specified as a template, I-TASSER and SWISS-MODEL created a 
sixth and seventh ScGS C-terminal domain model. For homology modeling of the full-
length C-terminal domain (residues G374-H726), I-TASSER created five homology 
models based on chain A of the ScGS338 structure as a template. These models 
corresponded to the 5 largest clusters of predicted structures generated by I-TASSER. 
 For all C-terminal domain homology models, significant errors in geometry (e.g. 
clashes, poor rotamers, poor Ramachandran angles, cis-peptide linkages) were detected by 
MolProbity (Figure 5.1). Phenix was used to normalize the geometry of these models using 
the program phenix.geometry_minimization (Adams, 2010). MolProbity was then used to 
assess the quality of each model. The side chains of certain asparagine, glutamine, and 
histidine residues were flipped as recommended to optimize hydrogen bond interactions. 
Final models were evaluated on the basis of their MolProbity statistics. We judged the C-
terminal domain models generated by I-TASSER, with the N-terminal domain serving as 
a template, as the best models. The two C-terminal domain homology models – one based 
on the truncated construct ScGS690, the other based on full-length ScGS – were used in 
rigid body modeling with small-angle X-ray scattering data. 
 5.1.2 Results 
Homology models of the C-terminal domain of ScGS based on the ScGS690 
truncation calculated by SWISS-MODEL, I-TASSER, Phyre2, and HHPred/MODELLER 
are similar to one another (Figure 5.2), with pairwise r.m.s. deviations ranging from 0.8–  
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Figure 5.1. An example of geometry errors found in raw output from homology modeling 
servers. This β-hairpin originally predicted in the Phyre2 C-terminal domain homology 
model contains an obvious clash between Tyr and Leu side chains. This error was corrected 
by geometry minimization in Phenix. 
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Figure 5.2. Homology models of the C-terminal domain of ScGS690 generated by the 
modeling programs indicated. Following energy minimization and structural evaluation 
with MolProbity, the homology model generated by I-TASSER using ScGS338 as a 
template was judged to be the best model. Reprinted with permission from Harris, G. G., 
Lombardi, P. M., Pemberton, T. A., Matsui, T., Weiss, T. M., Cole, K. E., Kӧksal, M., 
Murphy, F. V. IV, Vedula, L. S., Chou, W. K. W., Cane, D. E., and Christianson, D. W. 
(2015) Structural Studies of Geosmin Synthase, a Bifunctional Sesquiterpene Synthase 
with αα Domain Architecture That Catalyzes a Unique Cyclization-Fragmentation 
Reaction Sequence. Biochemistry 54, 7142-7155. Copyright 2015 American Chemical 
Society. 
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3.4 Å for 252–317 Cα atoms. Homology models of the full-length C-terminal domain 
calculated by I-TASSER are also similar (Figure 5.3), with pairwise r.m.s. deviations 
ranging from 1.2–2.3 Å for 267–311 Cα atoms. The α-helical topology of each model based 
on the ScGS690 truncation is nearly identical to that of ScGS338, as expected based on the 
approximately 36% amino acid sequence identity between the N-terminal and C-terminal 
domains. However, some minor differences are observed. Of the 7 homology models 
calculated, additional, short α-helices are predicted in the N-terminal segment preceding 
helix A (1 model), loop segments that connect helices A and B (1 model), helices D and 
E1 (2 models), helices G2 and H (5 models), helices I and J (2 models), and the C-terminal 
segment following helix J (3 models). Some helices present in ScGS338 are absent in the 
SWISS-MODEL homology model (helix C), or shorter in the HHPred/MODELLER model 
(helix H). Helix D is shorter in several of the models (three models generated by I-TASSER 
without using a template, one model generated by HHPred/MODELLER, and one model 
generated by Phyre2); consequently, the aspartate-rich metal-binding motif is located at 
the beginning of a loop segment in these models. In the SWISS-MODEL homology model, 
helix J is broken into three shorter α-helices connected by loop segments. 
 Following energy minimization using subroutines in PHENIX (Adams, 2010) and 
evaluation with MolProbity (Chen, 2010), we judged the homology model generated by I-
TASSER using the structure of ScGS338 as a template as the highest quality model based 
on molecular geometry statistics (Figure 5.4A). This model comprises a general reference 
point for understanding structure-activity relationships. Intact metal-binding motifs are 
located at the mouth of the active site: the aspartate-rich segment D455DYYP459 on helix D 
and the NSE motif N598DVFSYQKE606 on helix H. Although the aspartate-rich motif lacks  
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Figure 5.3. Homology models of the C-terminal domain of full-length ScGS generated by 
I-TASSER corresponding to the 5 largest clusters of predicted structures. Following energy 
minimization and structural evaluation with MolProbity, model 1 was judged to be the best 
homology model. Reprinted with permission from Harris, G. G., Lombardi, P. M., 
Pemberton, T. A., Matsui, T., Weiss, T. M., Cole, K. E., Kӧksal, M., Murphy, F. V. IV, 
Vedula, L. S., Chou, W. K. W., Cane, D. E., and Christianson, D. W. (2015) Structural 
Studies of Geosmin Synthase, a Bifunctional Sesquiterpene Synthase with αα Domain 
Architecture That Catalyzes a Unique Cyclization-Fragmentation Reaction Sequence. 
Biochemistry 54, 7142-7155. Copyright 2015 American Chemical Society.  
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Figure 5.4. Homology models of the C-terminal domain of ScGS690 (G374–R690) (A) and 
full-length ScGS (G374–H726) (B) generated by I-TASSER using the crystal structure of 
ScGS338 as a template. For reference, the locations of the asparate-rich motif (D
455DYYP, 
helix D) and NSE motif (N598DVFS602YQKE606, helix H) are red and orange, respectively. 
Reprinted with permission from Harris, G. G., Lombardi, P. M., Pemberton, T. A., Matsui, 
T., Weiss, T. M., Cole, K. E., Kӧksal, M., Murphy, F. V. IV, Vedula, L. S., Chou, W. K. 
W., Cane, D. E., and Christianson, D. W. (2015) Structural Studies of Geosmin Synthase, 
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a Bifunctional Sesquiterpene Synthase with αα Domain Architecture That Catalyzes a 
Unique Cyclization-Fragmentation Reaction Sequence. Biochemistry 54, 7142-7155. 
Copyright 2015 American Chemical Society.  
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the third aspartate residue that typically characterizes this motif, only the first aspartate 
coordinates to Mg2+ ions in the crystal structure of ScGS338, so this could also be the case 
for D455 in the C-terminal domain. On the other hand, one or both aspartates of the 
D455DYYP459 motif may well play a mechanistically distinct role as a general acid for 
proton-initiated cyclization of the rebound germacradienol intermediate, as discussed 
below. 
Since I-TASSER yielded what we judged to be the best homology model of the C-
terminal domain based on the truncated construct ScGS690, we also used I-TASSER 
exclusively to generate 5 homology models of the full-length C-terminal domain. These 
models correspond to the 5 largest clusters of structures predicted by I-TASSER, and these 
models were similarly evaluated and optimized using MolProbity and PHENIX. Each 
model exhibits similar α-helical topology with that of ScGS338, with minor differences: 
additional, short α-helices are predicted in N-terminal segment before helix A (1 model), 
loop segments that connect helices G2 and H (4 models), and the C-terminal segment after 
helix J (3 models). In one of these models (model 5), helix I is shorter than in ScGS338, and 
an additional α-helix is inserted between helices I and J. Two of the α-helices found in 
ScGS338 are broken into two α-helices in the full-length C-terminal domain homology 
models: helix J (model 3) and helix D (model 1 and model 4). Consequently, the aspartate-
rich motif of model 1 is partially located on a loop segment at the break in helix D. Of the 
5 models generated, we judged model 1 to be the best based on MolProbity statistics 
(Figure 5.4B). This model contains two additional short α-helices when compared with 
ScGS338, lying in the loop segment between helices G2 and H and in the C-terminal 
segment after helix J, near the very end of the sequence (P722-T725). The break in helix 
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D noted above causes the aspartate-rich motif of model 1 to lie partially on a loop segment 
at this break. The presence or absence of the 28-residue C-terminal segment does not 
appear to significantly impact the overall structure prediction, as might be expected for a 
disordered segment. 
  In the homology models of the C-terminal domain based on full-length ScGS or the 
truncated ScGS690 construct, the chemical nature of the active site pocket is mainly 
nonpolar, as observed for ScGS338. The ring faces of two aromatic residues (F556 and 
W688) in part define the active site contour, and these residues could potentially stabilize 
carbocation intermediate(s) in the cyclization cascade through cation-π interactions. Some 
partially polar residues are located in the active site pocket (C428, T452, and T561), but it 
is not clear that these residues could serve as general base/general acid residues in the retro-
Prins fragmentation reaction catalyzed in this domain. 
5.2 SAXS modeling 
 5.2.1 Materials and Methods 
Since the structure of liganded ScGS338 contains a dimer in the asymmetric unit, 
this αα quaternary structure was used as a starting point for fitting the αα tertiary structure 
of ScGS690 into the molecular envelope calculated from SAXS data. The scattering profile 
for the ScGS338 dimer calculated with the FoXS server
 (Schneidman-Duhovny, 2010) was 
compared to the experimental scattering profile of ScGS690 and the two-domain complex 
resulting from limited proteolysis using the FoXS χ value. Manual rotation of the two 
molecules of ScGS338 was guided by visual inspection and fit within the molecular 
envelope calculated by the ShapeUp server (Liu, 2012); the FoXS χ value was used to score 
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the fits of the different poses of the subunits obtained by manual rotation to the 
experimental scattering profile. 
The unliganded and liganded structures of the N-terminal domain of ScGS were 
each paired with the 7 homology models of the C-terminal domain of ScGS, resulting in 
14 combinations representing possible models for the association of the N-terminal domain 
and the C-terminal domain in the full-length protein. Each of the 14 domain pairs was 
modeled against the small-angle X-ray scattering curve for ScGS690 using the web service 
CORAL (Petoukhov, 2012); this process created 14 models for the association of the N- 
and C-terminal domains, with a linker of the appropriate length modeled as "dummy" 
residues connecting the two domains. This linker was manually deleted in the coordinate 
file, and the resulting coordinate file was compared to the scattering curve of ScGS690 with 
the ShapeUp server and the FoXS server in the same manner as described above for the 
ScGS338 dimer. The FoXS χ value was used to score each model against the SAXS data 
measured from ScGS690. The two-domain models containing the unliganded and liganded 
N-terminal domain, each paired with the ScGS690 C-terminal domain homology model 
from I-TASSER, were used for further analysis. 
 To model ScGS from SAXS data collected from the full-length enzyme, the 
unliganded and liganded N-terminal domain structures were each paired with the full-
length C-terminal domain homology model from I-TASSER and modeled into the SAXS 
data using CORAL in the same manner as described above. These two full-length ScGS 
models were similarly analyzed and evaluated using the FoXS χ value. 
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5.2.2 Results 
 Using the experimentally determined crystal structures of the liganded and 
unliganded N-terminal domain of ScGS, and the best homology models of the C-terminal 
domain of ScGS690 (G374–R690) and full-length ScGS (G374–H726) generated by I-
TASSER, we performed rigid body modeling with CORAL (Petoukhov, 2012) to generate 
4 models illustrating potential domain assembly modes consistent with SAXS profiles. 
Using the FoXS server, the best models of ScGS690 and full-length ScGS were judged to 
be those with the lowest χ value (a lower χ value indicates a closer match between the 
experimental scattering profile and the calculated scattering profile for a given structure), 
and these models are illustrated in Figure 5.5 (χ = 4.47) and Figure 5.6 (χ = 2.64), 
respectively. The FoXS calculated Rg values for the models in Figures 5.5 and 5.6 are 29.4 
Å and 29.1 Å, respectively, consistent with the dimensions of a monomeric protein 
containing two α domains. The orientation of one α domain with respect to the other differs 
in these models. Thus, the active sites in the N-terminal and C-terminal domains are 
oriented in roughly parallel fashion in the model of ScGS690, but are oriented approximately 
90˚ away from each other in the model of full-length ScGS. It is nonetheless interesting to 
note that the same general faces of the N-terminal and C-terminal domains appear to 
mediate αα domain assembly. Regardless of the specific orientation of one α domain with 
respect to the other, the molecular envelopes of ScGS690 and full-length ScGS are 
consistent with a model of αα domain assembly in which the active sites of the two domains 
are oriented away from each other rather than toward each other. Such a model would 
account for the lack of direct channeling of germacradienol between the two active sites. 
In fact, the observation of free germacradienol in solution is consistent with mandatory  
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Figure 5.5. (A) Best fit of the N-terminal domain (ScGS366, blue) and ScGS690 C-terminal 
domain homology model (light green) to the molecular envelope calculated from SAXS 
data collected from ScGS690, generated by the ShapeUp server. (B) Experimental SAXS 
scattering profile for ScGS690 (black circles) superimposed on the theoretical scattering 
profile for the αα domain model in (A) (red). For this model of αα domain assembly, the χ 
value calculated by FoXS is 4.47. Inset: The Guinier region is linear for SAXS data 
collected from ScGS690. Reprinted with permission from Harris, G. G., Lombardi, P. M., 
Pemberton, T. A., Matsui, T., Weiss, T. M., Cole, K. E., Kӧksal, M., Murphy, F. V. IV, 
Vedula, L. S., Chou, W. K. W., Cane, D. E., and Christianson, D. W. (2015) Structural 
Studies of Geosmin Synthase, a Bifunctional Sesquiterpene Synthase with αα Domain 
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Architecture That Catalyzes a Unique Cyclization-Fragmentation Reaction Sequence. 
Biochemistry 54, 7142-7155. Copyright 2015 American Chemical Society. 
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Figure 5.6. (A) Best fit of the N-terminal domain (ScGS366, blue) and the full-length C-
terminal domain homology model (forest green) to the molecular envelope calculated from 
SAXS data collected from full-length ScGS, generated by the ShapeUp server. (B) 
Experimental SAXS scattering profile for full-length ScGS (black circles) superimposed 
on the theoretical scattering profile for the αα domain model in (A) (red). For this model 
of αα domain assembly, the χ value calculated by FoXS is 2.64. Inset: The Guinier region 
is linear for SAXS data collected from full-length ScGS. Reprinted with permission from 
Harris, G. G., Lombardi, P. M., Pemberton, T. A., Matsui, T., Weiss, T. M., Cole, K. E., 
Kӧksal, M., Murphy, F. V. IV, Vedula, L. S., Chou, W. K. W., Cane, D. E., and 
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Christianson, D. W. (2015) Structural Studies of Geosmin Synthase, a Bifunctional 
Sesquiterpene Synthase with αα Domain Architecture That Catalyzes a Unique 
Cyclization-Fragmentation Reaction Sequence. Biochemistry 54, 7142-7155. Copyright 
2015 American Chemical Society. 
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release of germacradienol from the N-terminal domain and diffusive rebinding to the C-
terminal domain of the same or another geosmin synthase protein prior to conversion to 
geosmin (Jiang, 2007). 
Rigid body modeling with SAXS data provides a plausible model for the assembly 
of the N- and C-terminal α domains of ScGS. Manual docking of the N-terminal domain 
structure and the homology model of the C-terminal domain yielded poor fits to the 
scattering profile (Figure 5.7; χ= 12.03). However, CORAL generated models with better 
fits, although not all of these models made good chemical sense. For example, domain 
interactions in some models appear to be mediated solely by loops rather than secondary 
structural elements (data not shown). Intriguingly, depending on the flexibility of the linker 
connecting the N-terminal domain and the C-terminal domain, multiple domain 
orientations could be feasible. While a single αα domain orientation cannot be definitively 
established, it is clear that the two α domains interact with each other through a substantial 
interface based on the cross-sections of the molecular envelopes shown in Figures 5.5 and 
5.6. Although it could be argued that αα domain assembly in full-length ScGS ought to 
mimic αα dimer assembly as observed in the crystal structure of ScGS338, this particular αα 
assembly mode does not yield a satisfactory fit to the scattering data and yields a much 
higher χ value of 9.96 (Figure 5.8). 
 The model presented here for the association of the N-terminal and C-terminal 
domains of geosmin synthase is based on rigid body modeling of the N-terminal domain 
crystal structure and the C-terminal domain homology model to the SAXS scattering data. 
Although this static interaction of the two domains is a plausible model for domain 
assembly, it is likely that these domains do not form a rigid structure in solution and can  
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Figure 5.7. Best fit of manual docking of two monomers of N-terminal domain (ScGS338) 
to the molecular envelope calculated from SAXS data collected from full-length ScGS, 
generated by the ShapeUp server. Graph shows experimental SAXS scattering profile for 
full-length ScGS (black circles) superimposed on the theoretical scattering profile for the 
manual docking αα domain model (red). For this model of αα domain assembly, the χ value 
calculated by FoXS is 12.03. 
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Figure 5.8. (A) Best fit of the ScGS338 non-crystallographic dimer to the molecular 
envelope calculated from SAXS data collected from full-length ScGS, generated by the 
ShapeUp server. (B) Experimental SAXS scattering profile for full-length ScGS (black 
circles) superimposed on the theoretical scattering profile for the ScGS338 non-
crystallographic dimer in (A) (red). For this model, the χ value calculated by FoXS is 9.96. 
Reprinted with permission from Harris, G. G., Lombardi, P. M., Pemberton, T. A., Matsui, 
T., Weiss, T. M., Cole, K. E., Kӧksal, M., Murphy, F. V. IV, Vedula, L. S., Chou, W. K. 
W., Cane, D. E., and Christianson, D. W. (2015) Structural Studies of Geosmin Synthase, 
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a Bifunctional Sesquiterpene Synthase with αα Domain Architecture That Catalyzes a 
Unique Cyclization-Fragmentation Reaction Sequence. Biochemistry 54, 7142-7155. 
Copyright 2015 American Chemical Society. 
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associate in several different modes. The flexibility in domain interaction is supported by 
the only moderate fit to the SAXS scattering profile, and the inability to assign a particular 
interface for domain assembly. The flexible nature of the interaction is consistent with 
enzymological data that demonstrate independent catalysis in each domain of the enzyme; 
catalytic flux through the two reactions does not require that the independent domains lie 
in a particular orientation with respect to each other. In conclusion, this model for the 
association of the two domains of geosmin synthase is the best available based on 
experimental data, but likely represents only one possible mode of domain association. The 
N-terminal and C-terminal domains of ScGS likely form a flexible interaction with each 
other, consistent with catalysis in this system.  
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Chapter 6: C-terminal domain studies of Geosmin Synthase 
6.1 Introduction to the C-terminal domain of ScGS 
The C-terminal domain of ScGS (Figure 5.4) is predicted to adopt the fold of a class 
I terpenoid cyclase based on its high level of amino acid sequence identity with the N-
terminal domain. However, the C-terminal domain of ScGS catalyzes an unprecedented 
cyclization-fragmentation involving a retro-Prins reaction resulting in fragmentation of the 
C15 substrate germacradienol to yield C12 geosmin and C3 acetone. The proton-initiated 
cyclization-fragmentation may be initiated by one or both of the conserved aspartate 
residues of the D455DYYP459 motif, consistent with the observation that the D455N/D456N 
double mutant of geosmin synthase no longer produces geosmin but accumulates only 
germacradienol and germacrene D, the characteristic products of the N-terminal domain. 
The aspartates of the DDYYP domain may therefore play a role in proton-initiated polyene 
cyclization similar to that of the conserved DXDD motif (general acid residue underlined) 
of typical class II diterpene synthases such as ent-copalyl diphosphate synthase (Prisic, 
2007; Köksal, Nat. Chem. Biol, 2011), the triterpene cyclase squalene-hopene synthase 
(Wendt, 1997), and oxidosqualene-lanosterol synthase, which contains a closely related 
DCTA motif (Thoma, 2004). 
The cyclization-fragmentation reaction catalyzed by the C-terminal domain of 
geosmin synthase does not involve the ionization of an isoprenoid diphosphate such as FPP 
to generate the initial carbocation, the hallmark of catalysis by a class I terpenoid cyclase, 
yet cyclization-fragmentation nevertheless has an absolute requirement for Mg2+ ion(s) 
(Jiang, 2007). Catalysis by a class I terpenoid cyclase typically involves coordination and 
activation of the substrate diphosphate group by 3 Mg2+ ions to form a Mg2+3-
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diphosphate/PPi complex that remains bound for the duration of the cyclization reaction; 
the closed conformation of the enzyme active site is exemplified by that of the Mg2+3-
alendronate complex with ScGS338 (Figure 3.1). Since germacradienol, the substrate for 
the C-terminal domain of ScGS, lacks a diphosphate group altogether and the reaction has 
been shown not to require inorganic pyrophosphate, neither the mechanistic nor the 
structural basis for the requirement for Mg2+ by the C-terminal domain is as yet apparent.   
 The crystal structure of the ScGS338-Mg
2+
3-alendronate complex and the amino acid 
sequence identity between the N- and C-terminal domains of ScGS suggest a possible 
structural basis for the Mg2+ requirement for catalysis by the C-terminal domain. 
Specifically, residues that coordinate to catalytic Mg2+ ions in the N-terminal domain are 
conserved in the C-terminal domain as D455 in the aspartate-rich motif, and N598, S602, 
and E606 in the "NSE" motif. Additionally, the three basic residues and the tyrosine residue 
that hydrogen bond with the bisphosphonate anion in the N-terminal domain are conserved 
in the C-terminal domain as R552, K605, R694, and Y695. Metal-binding residues as well 
as residues that hydrogen bond with diphosphate/PPi are highly conserved in all class I 
terpenoid cyclases (Aaron, Pure Appl. Chem., 2010). Conservation of these structural 
elements in the C-terminal domain of ScGS strongly suggests that this domain similarly 
binds one or more Mg2+ ions. The binding of Mg2+ might serve a purely structural role and 
facilitate full active site closure of the C-terminal domain, just as it does for the N-terminal 
domain (Figure 3.2), with or without interactions with a diphosphate group. As for all class 
I terpenoid cyclases, complete active site closure ensures the protection of reactive 
carbocation intermediates from premature quenching by bulk solvent. Notably, the more 
than 70 deduced or verified Streptomyces geosmin synthase sequences that have been 
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reported to date in the protein databases exhibit an exceptionally high level of sequence 
conservation (60-85% sequence identity over  more than 720 amino acids), with essentially 
100% identity of the conserved aspartate-rich and NSE motifs in both the C-terminal and 
N-terminal domains. It is possible that Mg2+ ions do not play a direct role in the mechanism 
of the C-terminal domain reaction, but rather have a purely structural role in stabilizing this 
domain for catalysis. 
The fragmentation reaction catalyzed in the C-terminal domain of ScGS utilizes 
germacradienol as a substrate. The first step is a proton-assisted cyclization, covalently 
linking C-2 and C-7 along with retro-Prins fragmentation to eliminate the 2-propanol side 
chain as acetone. The resulting bicyclic intermediate, octalin, has a trans-decalin-like 
configuration and subsequently undergoes protonation and a hydride shift to yield a tertiary 
carbocation, which is quenched by a water molecule to yield the final product alcohol, 
geosmin, which similarly adopts a trans-decalin-like configuration. It is highly unusual for 
a cyclization reaction to be initiated by protonation in a class I terpenoid cyclase; ordinarily, 
such a protonation is the chemical strategy for cyclization adopted by a class II terpenoid 
cyclase, which adopts a completely unrelated protein fold (Christianson, 2006). 
Both a general acid and general base are required for the retro-Prins fragmentation 
reaction catalyzed by the C-terminal domain of ScGS (Figure 2.1), yet analysis of the 
homology model reveals a relative dearth of chemical functionality within the mainly 
nonpolar active site pocket beyond the conserved D455 and D456 residues. On the other 
hand, in the crystal structure of the ScGS338-Mg
2+
3-alendronate complex with the N-
terminal domain, several ordered solvent molecules are trapped in the active site. 
Corresponding solvent molecules might conceivably remain bound in the active site of the 
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C-terminal domain upon the binding of the substrate germacradienol, with one of these 
waters ultimately quenching the final carbocation intermediate, as shown in Figure 2.1. 
6.2 Expression and purification of ScGS C-terminal domain variants 
6.2.1 Expression and purification of soluble C-terminal domain constructs 
 Three constructs containing varying segments of the C-terminal domain of ScGS 
were prepared, each with a C-terminal His6-tag: (1) residues 390-690, (2) residues 327-
690, and (3) residues 327-726. Plasmids containing these constructs were transformed into 
BL21(DE3)pLysS E. coli and expressed as described above for ScGS690, except that 400 
µL of 1.0 M IPTG was used for induction. We attempted to purify these constructs by Ni-
IDA affinity chromatography as with ScGS690, but found that no expressed protein was in 
the soluble fraction of the lysate. It was determined that these C-terminal domain constructs 
were expressed primarily in inclusion bodies. Refolding of these constructs from inclusion 
bodies was unsuccessful. 
 In order to obtain soluble expression of the C-terminal domain of ScGS, a maltose-
binding protein (MBP) solubility tag was used for expression of MBP-CTD fusion 
constructs. The gene for two constructs of ScGS C-terminal domain [(1) residues 327-726 
and (2) residues 371-726] were cloned into the pET His6 MBP TEV LIC cloning vector 
(1M), a gift from Scott Gradia (Addgene plasmid #29656). The plasmids encoding two 
constructs, denoted MBP-CTD327 and MBP-CTD371, were transformed into BL21-
CodonPlus(DE3)-RIL E. coli, and cells were plated on LB agar medium containing 34 
μg/mL chloramphenicol and 50 μg/mL kanamycin. Single colonies were used to inoculate 
5-mL cultures of LB media with antibiotic (34 μg/mL chloramphenicol and 50 μg/mL 
kanamycin). These 5-mL cultures were grown overnight (16-18 h) at 37 °C with 250 rpm 
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shaking. Overnight cultures were used to inoculate 1-L cultures of LB media with antibiotic 
(34 μg/mL chloramphenicol and 50 μg/mL kanamycin). These 1-L cultures were grown at 
37 °C with 250 rpm shaking until reaching an OD600 of 0.8 – 1.0. Cultures were cooled to 
16-18 °C and induced with 1 mM IPTG. Induction continued overnight at 16-18 °C with 
250 rpm shaking. 
 Cells were harvested by centrifugation (30,000 x g, 12 min, 4 °C) and resuspended 
in MBP fusion buffer A [50 mM Tris (pH 8.2), 50 mM NaCl, 5 mM MgCl2, 20% glycerol, 
2 mM TCEP] with protease inhibitor cocktail added. Cells were lysed by sonication, and 
the cell lysate was clarified by centrifugation (30,000 x g, 1 h, 4 °C). Supernatant was 
loaded onto a Ni-IDA affinity column that had been equilibrated with buffer A. The column 
was washed with 90% buffer A/10% buffer B [50 mM Tris (pH 8.2), 50 mM NaCl, 5 mM 
MgCl2, 300 mM imidazole, 20 % glycerol, 2 mM TCEP], and protein was eluted from the 
column with 100% buffer B. 
 MBP-CTD fusion protein eluted from the Ni-IDA column was loaded onto an 
amylose affinity column (amylose resin, New England Biolabs) that had been equilibrated 
with buffer A. Impurities that did not bind the amylose resin were washed away with buffer 
A. 20 mL of TEV protease (1-2 mg/mL) were applied to the column at 0.1 mL/min flow 
rate for on-column cleavage of the MBP-CTD fusion protein, and the CTD and TEV 
protease co-eluted from the amylose column. The elution from the amylose column 
containing CTD and TEV protease was concentrated to approximately 5 mL by 
centrifugation and loaded onto a Superdex-200 size exclusion column that had been 
equilibrated with size exclusion chromatography buffer [25 mM Tris (pH 8.2), 5 mM 
MgCl2, 2 mM TCEP]. Two overlapping protein peaks were observed on the size exclusion 
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chromatogram, corresponding to the C-terminal domain construct (~45 kDa) and TEV 
protease (29 kDa).  Protein purity was assessed by SDS-PAGE. Fractions of the highest 
purity containing the C-terminal domain were concentrated to 10-20 mg/mL. 
 6.2.2 Expression and purification of ScGSHis and ScGS698 
 A His6-tag was added to the C-terminus of full-length ScGS to facilitate 
purification; this construct is denoted ScGSHis. PCR amplification (using Pfu Ultra HF 
DNA polymerase and 7% DMSO) of an NdeI-XhoI fragment was conducted using forward 
primer 5’-GACGACCATATGACGCAACAGCCCTTCCAACTC-3’ and reverse primer 
5’-GATAATACTCGAGGTGCGTCAGTGCGGGACTG-3’ (underlined nucleotides 
denote restriction sites for NdeI and XhoI, respectively). The PCR-amplified insert was 
purified by agarose gel electrophoresis and extracted. The insert was digested with NdeI, 
XhoI, and DpnI at 37 °C for 17 h, gel purified, and extracted to prepare the final insert 
fragment for ligation. 
 pET22b vector (Novagen) was used for ligation. The vector was digested with NdeI 
and XhoI at 37 °C for 18 h, purified, and subsequently digested with calf intestinal alkaline 
phosphatase at 37 °C for 17 h, gel purified, and extracted. The insert and vector were ligated 
using T4 DNA ligase with 3:1, 6:1, and 9:1 insert:vector molar ratios at 16 °C overnight. 
Ligation products were transformed into DH5α E. coli and plated on LB agar medium 
containing 50 μg/mL ampicillin. Single colonies were used to inoculate 5-mL cultures of 
LB media with antibiotic (50 μg/mL ampicillin), and plasmid DNA was extracted from the 
overnight cultures. DNA sequencing confirmed that the protein encoded by this plasmid, 
ScGSHis, included residues 1-726 of ScGS and a C-terminal His6-tag to facilitate 
purification. 
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 A truncation construct, ScGS698, was also created to study the effects of truncation 
on the C-terminal domain of geosmin synthase. The last residue in the construct, E698, 
aligns with K329 in the N-terminal domain, the last residue visible in the electron density 
of the ScGS338 crystal structure. PCR amplification (using Pfu Ultra HF DNA polymerase 
and 7% DMSO) of an NdeI-XhoI fragment was conducted using forward primer 5’-
GACGACCATATGACGCAACAGCCCTTCCAACTC-3’ and reverse primer 5’-
CAAATACTCGAGCTCGGCCTTGTAACGGGGGAC-3’ (underlined nucleotides 
denote restriction sites for NdeI and XhoI, respectively). This insert was digested, purified, 
and ligated into pET22b vector as for ScGSHis. DNA sequencing confirmed that the protein 
encoded by this plasmid, ScGS698, included residues 1-698 of ScGS and a C-terminal His6-
tag to facilitate purification. 
 ScGSHis and ScGS698 were transformed into BL21(DE3)pLysS E. coli cells and 
expressed as previously described for ScGS690 (Section 3.1.1). These constructs were 
purified identically to ScGS690 (by Ni-IDA affinity chromatography and size exclusion 
chromatography), without limited proteolysis. 
 6.2.3 Expression and purification of ScGS mutants of CTD residues 
Three ScGS mutants of residues in the C-terminal domain were prepared to 
investigate the role of proposed metal-coordinating and pyrophosphate-binding residues. 
The following mutants, in the context of full-length ScGS, were prepared by PCR 
mutagenesis: D455N, R694A, and Y695F. PCR mutagenesis was conducted using the 
mutagenic primers in Table 6.1. Typically, 50 μL PCR reactions contained 5 μL 10x PFu 
Ultra HF Buffer (Agilent), 4 μL mixed dNTPs (10 mM total, 2.5 mM each of dATP, dTTP, 
dCTP, and dGTP), 1 μL forward primer (150 ng/μL), 1 μL reverse primer (150 ng/ μL), 2  
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Table 6.1. Mutagenic primers for ScGS C-terminal domain mutants 
Mutation Forward 
(F) or 
Reverse 
(R) 
Primer (5’-3’ sequence) 
D455N 
F GTACGGCAACGACTACTACCCGCTGGTCTACGGC 
R GCCGTAGACCAGCGGGTAGTAGTCGTTGCCGTAC 
R694A 
F CGGAACGTCCCCGCTTACAAGGCCGAG 
R CTCGGCCTTGTAAGCGGGGACGTTCCG 
Y695F 
F GGAACGTCCCCCGTTTCAAGGCCGAGTACC 
R GGTACTCGGCCTTGAAACGGGGGACGTTCC 
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μL template ScGSHis plasmid (50 ng/ μL), 1 μL PFu Ultra HF polymerase (Agilent), 0-2.5 
μL DMSO, and autoclaved dI H2O to bring final volume to 50 μL. The reaction was 
denatured initially at 95 °C for 1-2 min, followed by 30-40 cycles (denaturation at 95 °C 
for 30 sec, annealing at Tm – 5 or 10 °C for 1 min, extension at 72 °C for 7 min), and a final 
extension at 72 °C for 10 min. The PCR products were digested with 1 μL Dpn1 enzyme 
in CutSmart Buffer (New England Biolabs) at 37 °C for 2 hours to digest the template 
plasmid. The digested PCR products were purified using a Qiagen QIAquick PCR 
Purification Kit, concentrated under vacuum to 10-12 μL, and transformed into DH5α cells. 
DNA was isolated using a Qiagen Plasmid Miniprep Kit from 5 mL cultures grown from 
single colonies. Plasmids of ScGS CTD mutants were verified by the DNA Sequencing 
Facility at the Perelman School of Medicine of the University of Pennsylvania. 
 ScGS mutants were expressed and purified identically to ScGS690 (by Ni-IDA 
affinity chromatography and size exclusion chromatography), without limited proteolysis. 
6.3 CD spectroscopy of C-terminal domain constructs CTD327 and CTD371 
 Samples of ScGSHis, CTD327, and CTD371 were analyzed by circular dichroism 
(CD) spectroscopy to determine the secondary structure of these constructs and whether 
the isolated C-terminal domains are folded in solution. Samples were diluted to 10 μM 
protein with water and analyzed on a Jasco J-1500 circular dichroism spectrometer at 25 
°C. Wavelength scans were conducted from 260 nm to 190 nm for ScGSHis and CTD327; a 
wavelength scan was conducted from 400 nm to 190 nm for CTD371.  
The CD spectra for ScGSHis, CTD327, and CTD371 (200 nm to 260 nm) are shown 
in Figure 6.1. For ScGSHis, the CD spectrum displays negative bands at 222 nm and 208 
nm, characteristic of α-helical secondary structure. This result demonstrates that the full- 
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Figure 6.1. CD spectra of ScGSHis (purple), CTD327 (green), and CTD371 (yellow). All 
constructs are well-folded and α-helical, displaying negative bands at 222 nm and 208 nm. 
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length protein is well-folded in solution and contains mainly α-helical secondary structure, 
as predicted based on homology to other terpene cyclases. For CTD327 and CTD371, the CD 
spectra also display negative bands at 222 nm and 208 nm, indicating well-folded α-helical 
structure. This result is the first structural characterization of the C-terminal domain of 
ScGS in isolation from the N-terminal domain. The absolute value of the CD signals for 
CTD327 and CTD371 vary slightly, likely due to small differences in protein concentration 
of the samples. In comparison, the negative bands for ScGSHis are much deeper than for 
the isolated CTD samples. This result may also be due to slight variations in protein 
concentration, as well as the higher effective concentration of α-helices in the ScGSHis 
sample, since this construct contains two α-helical domains and is roughly double the size 
of each of the isolated C-terminal domains. 
6.4 Crystallization of ScGS C-terminal domain constructs 
MBP-CTD327, MBP-CTD371, CTD327, and CTD371 were screened for crystallization 
at various concentrations with Mg2+ ions and alendronic acid inhibitor. The MBP-CTD 
fusion proteins did not yield any crystallization hits. 
CTD371 was crystallized using the sitting drop vapor diffusion method in an initial 
screen using an EIZS seed stock (see Section 9.1) in two precipitant conditions: (1) [0.1 M 
BIS-TRIS propane (pH 9.0), 4% (v/v) isopropanol, 20% (w/v) PEG MME 5,000] and (2) 
[0.1 M BIS-TRIS propane (pH 9.0), 10% (v/v) PEG 200, 18% (w/v) PEG 8,000]. A 0.4 μL 
drop of protein solution [4 mg/mL protein, 25 mM Tris (pH 8.2), 5 mM MgCl2, 2 mM 
TCEP, 0.75 mM sodium alendronate] was added to 0.5 μL of precipitant solution [(1) or 
(2) above], followed by 0.1 μL of 100x dilution EIZS WT seed stock. The drop was 
equilibrated against a 100 μL reservoir of precipitant solution at room temperature. Small 
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crystals formed within two weeks in both conditions, but these crystals did not produce any 
diffraction at the synchrotron (SSRL, beamline 9-2). 
Seed stocks were made from these small CTD371 crystals produced in the initial 
screen. Crystals were manually crushed in the 1 μL drop used for crystallization. 5 μL of 
precipitant solution [(1) or (2) above] was added to the drop containing crushed crystals, 
and the total 6 μL was removed to a tube containing 54 μL of precipitant solution to create 
a 10x dilution seed stock. This tube was vortexed briefly to further break up the crystals. 
A 100x dilution seed stock was made with a 9:1 dilution of precipitant solution:10x seed 
stock. The 100x dilution seed stock was vortexed thoroughly and stored at 4 °C. 
 Attempts to optimize these small, non-diffracting CTD371 crystals were conducted 
by varying the pH and precipitant concentrations of the original hits. A grid screen was 
produced from precipitant (1) above by varying the pH of the BIS-TRIS propane buffer 
[pHs 8.4, 8.6, 8.8, 9.0, 9.2, and 9.4] and concentration of PEG MME 5,000 [15%, 20%, 
25%, and 30%]; the concentrations of buffer and isopropoanol were kept constant as in the 
original precipitant solution. A grid screen was produced from precipitant (2) above by 
varying the pH of the BIS-TRIS propane buffer [pHs 8.4, 8.6, 8.8, 9.0, 9.2, and 9.4] and 
concentration of PEG 8,000 [15%, 18%, 21%, and 25%]; the concentrations of buffer and 
PEG 200 were kept constant as in the original precipitant solution. The hanging drop vapor 
diffusion method was used to crystallize CTD371 from these optimized grid screens. A 4 
μL drop of protein solution [4 mg/mL protein, 25 mM Tris (pH 8.2), 5 mM MgCl2, 2 mM 
TCEP, 0.75 mM sodium alendronate] was added to 4 μL of precipitant solution from the 
grid screen. Each drop was streak seeded with either EIZS 100x dilution seed stock, or 
CTD371 100x dilution seed stock created from the initial screen. The CTD371 seed stock 
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produced from initial hits in precipitants (1) and (2) was used for the corresponding grid 
screen for optimization of crystals. The drops were equilibrated against 750 μL reservoirs 
of precipitant solution at room temperature. 
 Large needle crystals in the grid screen based on precipitant (2) appeared within 
one week. These needle crystals did not diffract X-rays at the synchrotron. Additional 
crystals in the grid screen based on precipitant (1) appeared within three weeks. These 
crystals are shown in Figure 6.2. Future experiments will determine if any CTD371 crystals 
generated produce usable diffraction at synchrotron beamlines and will be useful for 
solving the structure of the C-terminal domain of ScGS. 
6.5 Product analysis of ScGS C-terminal domain variants 
 6.5.1 Materials and Methods 
 To probe the activities of various ScGS C-terminal domain variants (truncations, 
C-terminal domain mutants in the context of the full-length enzyme, and isolated C-
terminal domain constructs), the product arrays of these constructs with various substrates 
were determined by GC-MS. In general, substrate (FPP or DMAPP + IPP) was incubated 
with ScGS enzyme in 6 mL total reaction volume. The reaction mixture was overlaid with 
5 mL HPLC grade n-pentane in a glass test tube and incubated at 30 °C for 16-18 h. The 
reaction mixture was extracted with an additional 3 x 5 mL pentane (total 20 mL extracts). 
The pentane extracts were dried with anhydrous MgSO4, filtered, and concentrated on an 
ice/water bath under reduced pressure to approximately 100 μL. Reaction mixture extracts 
were analyzed with an Agilent mass spectrometer with a 30 m x 0.25 mm HP5MS capillary 
column using a temperature program with an initial 2 min hold at 60 °C, a 20 °C/min  
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Figure 6.2. CTD371 crystals resulting from precipitant (1) grid screen. Precipitant solution 
is [0.1 M BIS-TRIS propane (pH 9.0), 4% (v/v) isopropanol, 25% (w/v) PEG MME 5,000]. 
Crystals formed with streak seeding with CTD371 seed stock created from the initial screen.  
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temperature gradient from 60 °C to 280 °C, and a final 2 min hold at 280 °C. Sesquiterpene 
products were identified by comparison of their mass spectra and GC retention indices with 
those of authentic compounds using the MassFinder 4.0 Program and Database (Harangi, 
2003). 
 6.5.2 Product analysis of ScGS C-terminal domain truncations 
 Three ScGS variants were tested in this set of experiments: full-length ScGS, 
ScGS698, and ScGS690. 3.5 μM of each enzyme was incubated with 100 μM FPP as 
described in Section 6.5.1. The product distributions of these truncation variants of ScGS 
are shown in Table 6.2.  
The products of full-length ScGS from substrate FPP are mostly as expected, based 
on previous work (Jiang, 2007). The major product is germacradienol (70%), followed by 
geosmin (7%), germacrene D (4%), an unknown sesquiterpene (RI 1434, 4%), and octalin 
(3%). ScGS698, the truncation variant with 28 residues removed from the C-terminus of the 
enzyme, retains similar sesquiterpene production. The formation of germacradienol (89%) 
and germacrene D (4%) is largely unaffected in ScGS698, while geosmin formation (<1%) 
is decreased and octalin formation is ablated. This result indicates that the N-terminal 
domain of ScGS698 is fully functional, while the C-terminal domain is catalytically 
compromised, since geosmin and octalin are formed in the C-terminal domain. ScGS690, 
the truncation variant with 36 residues removed from the C-terminus of the enzyme, also 
retains normal N-terminal domain activity, forming germacradienol (87%) and germacrene 
D (5%). However, ScGS690 does not produce any geosmin or octalin, indicating that all C-
terminal domain catalytic activity is lost when these 36 residues are deleted from the C-
terminus. 
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Table 6.2. GC-MS product analysis of ScGS C-terminal domain truncations 
RT 
[min]a 
RIexpb RIdbc Name Structure ScGSd ScGS698e ScGS690f 
7.26 1220 1220 Octalin 
 
3 --- --- 
8.42 1380 1381 Cis-β-elemene 
 
--- 1 2 
8.58 1403 1392 Geosmin 
 
7 <1 --- 
8.64 1413 1420 β-ylangene 
 
1 1 1 
8.71 1423 1430 β-copaene 
 
1 1 <1 
8.76 1431 1435 Sesquisabinene A 
 
--- <1 --- 
8.78 1434 --- Unknown  4 <1 --- 
8.81 1438 1445 Isogermacrene D 
 
<1 <1 <1 
8.89 1451 --- Unknown  2 2 3 
8.95 1460 --- Unknown  1 <1 --- 
8.99 1466 --- Unknown  1 --- --- 
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9.06 1476 1479 Germacrene D 
 
4 4 5 
9.08 1481 --- Unknown  1 --- --- 
9.14 1489 --- Unknown  1 1 --- 
9.19 1497 --- Unknown  2 --- --- 
9.23 1504 --- Unknown  <1 <1 --- 
9.26 1507 --- Unknown  1 --- --- 
10.05 1638 1646 (1(10)E,5E)-
germacradien-11-ol 
 
70 89 87 
10.38 1696 1694 (E,E)-Farnesol 
 
1 --- --- 
 
aRetention time (minutes); bRetention index, experimental; cRetention index, MassFinder 
Database; dRelative product percentage of full-length ScGS; eRelative product percentage 
of ScGS698; 
fRelative product percentage of ScGS690 
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 6.5.3 Product analysis of ScGS in the presence of PPi 
 To test whether the presence of PPi affects catalysis by ScGS, the product 
distributions of full-length ScGS and ScGS690 were determined in the presence of varying 
levels of PPi. 3.5 μM of each enzyme was incubated with 100 μM FPP and 0.00, 0.03, 0.06, 
0.20, 1.20, or 100.00 μM Na4PPi, as described in Section 6.5.1. The product distributions 
resulting from these incubations are shown in Tables 6.3 and 6.4. The product distributions 
for full-length ScGS and ScGS690 do not change significantly when the reaction is carried 
out in the presence of widely varying concentrations of PPi, indicating that exogenously 
supplied PPi (not produced from the hydrolysis of FPP in the N-terminal domain of ScGS) 
does not affect ScGS catalysis. 
6.5.4 Product analysis of ScGS C-terminal domain mutants 
 ScGS mutants D455N, R694A, and Y695F were tested for product arrays, and 
particularly for analysis of geosmin production in these C-terminal domain mutants. 3.5 
μM of each mutant was incubated with 100 μM FPP as described in Section 6.5.1. The 
product distributions of these ScGS mutants are shown in Table 6.5. 
 All three mutants produce, as a percentage of total product yield, less 
germacradienol than wild type full-length ScGS (Section 6.5.2). All three mutants also 
display significantly increased production of eudesma-5,7(11)-diene and γ-muurolene. 
Although eudesma-5,7(11)-diene has not been previously reported as a product of ScGS, 
and was not observed as a product of full-length ScGS in Section 6.5.2, subsequent 
experiments with ScGSHis and ScGS690 demonstrate that this product can be made by two-
domain constructs of ScGS (Section 6.5.5). γ-muurolene has been observed only as a 
product of the three mutant enzymes, ScGS D455N, R694A, and Y695F. It is curious that  
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Table 6.3. GC-MS product analysis of full-length ScGS with varying [Na4PPi]   
RT 
[min]a 
RIexpb RIdbc Name [Na4PPi] (μM) 
 0.00 0.03 0.06 0.20 1.20 100.00 
7.26 1220 1220 Octalin 2 3 3 2 2 4 
7.39 1243 --- Unknown --- --- --- --- --- --- 
8.42 1380 1381 Cis-β-elemene <1 <1 <1 <1 1 <1 
8.58 1403 1392 Geosmin 10 14 13 8 8 17 
8.64 1413 1420 β-ylangene 1 1 1 1 1 1 
8.71 1423 1430 β-copaene 1 1 1 1 1 1 
8.78 1434 --- Unknown 2 2 2 1 1 2 
8.81 1438 1445 Isogermacrene 
D 
<1 <1 <1 <1 <1 <1 
8.89 1451 --- Unknown 2 2 2 2 2 2 
8.95 1460 --- Unknown 1 1 1 1 1 1 
8.99 1466 --- Unknown 1 1 1 1 1 1 
9.06 1476 1479 Germacrene D 5 4 5 6 6 5 
9.08 1481 --- Unknown <1 <1 <1 <1 <1 <1 
9.14 1489 --- Unknown 1 1 1 1 1 1 
9.19 1497 --- Unknown 1 2 2 1 1 2 
9.23 1504 --- Unknown <1 <1 <1 1 1 <1 
9.26 1507 --- Unknown <1 1 <1 <1 <1 <1 
9.60 1571 --- Unknown --- --- --- --- --- --- 
10.05 1638 1646 (1(10)E,5E)-
germacradien-
11-ol 
72 68 69 78 74 63 
10.38 1696 1694 (E,E)-
Farnesol 
<1 <1 <1 <1 <1 <1 
 
aRetention time (minutes); bRetention index, experimental; cRetention index, MassFinder 
Database. Relative product percentage for each sample is shown. The structures of all 
identified compounds are shown in Table 6.2. 
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Table 6.4. GC-MS product analysis of ScGS690 with varying [Na4PPi] 
 
RT 
[min]a 
RIexpb RIdbc Name [Na4PPi] (μM) 
 0.00 0.03 0.06 0.20 1.20 100.00 
7.26 1220 1220 Octalin --- --- --- --- --- --- 
7.39 1243 --- Unknown --- --- --- --- --- 2 
8.42 1380 1381 Cis-β-elemene 1 1 1 1 1 1 
8.58 1403 1392 Geosmin --- --- --- --- --- --- 
8.64 1413 1420 β-ylangene 1 1 1 1 1 1 
8.71 1423 1430 β-copaene <1 1 1 1 1 <1 
8.78 1434 --- Unknown --- --- --- --- --- --- 
8.81 1438 1445 Isogermacrene 
D 
<1 <1 <1 <1 <1 <1 
8.89 1451 --- Unknown 1 1 2 2 2 1 
8.95 1460 --- Unknown --- --- --- --- --- --- 
8.99 1466 --- Unknown --- --- --- --- --- --- 
9.06 1476 1479 Germacrene D 3 4 4 4 5 3 
9.08 1481 --- Unknown --- --- --- --- --- --- 
9.14 1489 --- Unknown --- --- --- --- --- --- 
9.19 1497 --- Unknown --- --- --- --- --- --- 
9.23 1504 --- Unknown --- --- --- --- --- --- 
9.26 1507 --- Unknown --- --- --- --- --- --- 
9.60 1571 --- Unknown --- --- --- --- --- 43 
10.05 1638 1646 (1(10)E,5E)-
germacradien-
11-ol 
94 93 91 90 90 48 
10.38 1696 1694 (E,E)-
Farnesol 
--- --- --- --- --- --- 
 
aRetention time (minutes); bRetention index, experimental; cRetention index, MassFinder 
Database. Relative product percentage for each sample is shown. The structures of all 
identified compounds are shown in Table 6.2.  
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Table 6.5. GC-MS product analysis of ScGS C-terminal domain mutants 
 
RT 
[min]a 
RIexpb RIdbc Name Structure D455N R694A Y695F 
7.22 1220 1220 Octalin 
 
3 2 20 
7.77 1294 --- Unknown  --- 2 --- 
8.31 1370 --- Unknown  5 2 6 
8.38 1380 1381 Cis-β-elemene 
 
--- <1 --- 
8.45 1390 1440 α-guaiene 
 
4 2 4 
8.53 1401 1392 Geosmin 
 
--- 1 2 
8.60 1412 1420 β-ylangene 
 
--- 2 --- 
8.67 1422 1424 Selina-3,6-diene 
 
--- 1 --- 
8.74 1433 --- Unknown  --- <1 --- 
8.84 1450 --- Unknown  1 4 1 
8.91 1460 1463 6,11-
epoxyisodaucane 
 
1 <1 2 
8.92 1462 --- Unknown  --- 1 --- 
9.01 1475 1474 γ-muurolene 
 
14 12 4 
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9.10 1489 1491 Ledene 
 
--- 3 4 
9.17 1500 --- Unknown  --- 2 --- 
9.22 1508 --- Unknown  8 5 9 
9.42 1540 --- Unknown  1 4 6 
9.52 1557 1543 Eudesma-5,7(11)-
diene 
 
11 8 11 
9.63 1575 --- Unknown  7 --- --- 
9.65 1579 --- Unknown  --- 1 2 
9.72 1591 --- Unknown  12 10 --- 
9.73 1592 --- Unknown  --- --- 2 
9.82 1606 --- Unknown  12 10 8 
9.93 1626 1609 10-epi-γ-eudesmol 
 
--- 2 --- 
9.98 1634 1638 (1(10)E,5E)-
germacradien-11-ol 
 
12 13 10 
10.07 1651 --- Unknown  --- 1 --- 
10.15 1663 --- Unknown  --- 1 --- 
10.29 1688 --- Unknown  --- 1 --- 
10.33 1695 --- Unknown  3 3 5 
10.70 1762 --- Unknown  --- 1 --- 
10.84 1788 --- Unknown  --- 2 --- 
11.14 1845 --- Unknown  1 <1 3 
11.34 1883 --- Unknown  --- 1 --- 
11.72 1959 1970 Unknown diterpene  2 1 --- 
12.20 2059 2070 Unknown diterpene  2 1 1 
12.34 2089 --- Unknown  --- 1 --- 
12.65 2156 --- Unknown  --- 1 --- 
13.00 2231 --- Unknown  --- <1 --- 
 
aRetention time (minutes); bRetention index, experimental; cRetention index, MassFinder 
Database. Relative product percentage for each sample is shown. 
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these mutants do not produce germacrene D, as this would be expected from the supposedly 
intact N-terminal domains in these constructs. It is possible that the γ-muurolene product 
is mis-assigned and should be assigned as germacrene D, due to the close retention indices 
of these two compounds. The peak in question has RI 1475; the RI for γ-muurolene is 1474, 
and the RI for germacrene D is 1479 (Harangi, 2003). In any case, these products likely 
stem from the reaction of FPP in the N-terminal domain, rather than directly from the C-
terminal domain. 
 Focusing on the C-terminal domain reaction, we observe that the D455N mutant 
does not produce any geosmin, and produces only a small amount of octalin (3%), which 
is predicted to be an intermediate on the C-terminal domain reaction pathway to geosmin 
formation. ScGS R694A produces 1% geosmin and 2% octalin, so this mutant contains a 
catalytically competent C-terminal domain, but does not produce as much geosmin as 
observed for full-length ScGS (7%, Table 6.2) or ScGSHis (22%, Table 6.6). ScGS Y695F 
produces 2% geosmin and 20% octalin. Similar to R694A, the Y695F mutant produces less 
geosmin (2%) than observed for wild type constructs, but produces more octalin (20%) 
than the other mutants. This result indicates that the Y695F mutant is more competent than 
the other mutants to chaperone the substrate through the cyclization cascade through the 
octalin intermediate step, but is not as efficient as the wild type enzyme at catalyzing the 
subsequent protonation, hydride shift, and solvent attack steps to lead to geosmin formation 
(Figure 2.1). 
 D455 aligns with D86 in the N-terminal domain of ScGS, which binds Mg2+ ions 
A and C in the N-terminal domain structure (Figure 3.1). D455 likely has a similar function 
in the C-terminal domain, since Mg2+ ions are required for geosmin formation in this 
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domain of the enzyme. The results of the D455N mutant reaction support the hypothesis 
that D455 is responsible for Mg2+ binding, since geosmin formation is ablated in this 
mutant. The other residues mutated here, R694 and Y695, are analogous to R325 and Y326 
in the N-terminal domain, which form the PPi recognition motif (Figure 3.1). Both R694A 
and Y695F mutants can produce a small amount of geosmin, so these residues are not 
strictly required for C-terminal domain activity; however, the reduced amount of geosmin 
produced in these mutants relative to wild type indicates that these residues may be 
important and play some role in the C-terminal domain reaction. It is possible that this 
“RY” motif serves a similar purpose as in the N-terminal domain and binds a free PPi 
molecule, although the substrate of the C-terminal domain does not itself contain a 
pyrophosphate moiety. Binding of PPi with Mg
2+ ions may serve to enclose the active site, 
allowing the C-terminal domain reaction to proceed while protected from bulk solvent. PPi 
could also conceivably play a role as a general acid/general base catalyst during the C-
terminal domain reaction, as two steps of the germacradienol to geosmin reaction are 
thought to be protonation dependent. Further studies of the C-terminal domain reaction in 
ScGS will seek to characterize the mechanism of this reaction in detail. 
 A significant number of unknown terpene products were observed in the ScGS 
mutant reactions, typically in yields <10% of the total terpene yield. Also curiously, 
unknown diterpene (C20) products were detected in all three mutant reactions, although 
only FPP (C15) was provided as a substrate for the reaction. Diterpene products have not 
been detected in any other ScGS reaction samples; it is likely these small amounts of 
diterpene products detected were the result of contaminants accrued during sample 
concentration or GC-MS analysis. 
 
 
98 
 
6.5.5 Product analysis of CTD327 and CTD371 
 To more fully characterize the cyclization activities of the isolated C-terminal 
domain constructs (CTD327 and CTD371), as well as full-length ScGS, a series of 
incubations was carried out with various substrates.  
In the first set of experiments, 1 μM ScGSHis, 1 μM CTD327, or 1 μM CTD371 was 
incubated with 50 μM DMAPP and 150 μM IPP as described in Section 6.5.1. No terpenoid 
products were detected in these experiments, indicating that neither full-length ScGS nor 
the C-terminal domain can accept DMAPP and IPP as substrates for cyclization. 
In another set of experiments, the following combinations of enzymes were 
incubated with 50 μM FPP (as described in Section 6.5.1): (1) 1 μM CTD327; (2) 1 μM 
CTD371; (3) 1 μM ScGS690 + 1 μM CTD327; (4) 1 μM ScGS690 + 1 μM CTD371; (5) 1 μM 
ScGSHis; (6) 1 μM ScGS690. ScGS690 was used as a proxy for the isolated N-terminal 
domain of ScGS, since ScGS690 contains a catalytically competent N-terminal domain and 
a catalytically inactive C-terminal domain that does not product geosmin. The product 
distributions for all experiments discussed in Section 6.5.5 are shown in Table 6.6. 
When CTD327 is incubated with FPP, the only product formed is sesquisabinene A. 
This result is surprising, as no other ScGS constructs have been reported to make this 
product, and this sesquiterpene has a totally different skeleton than other ScGS products. 
Most ScGS products result from initial 1,10-cyclization of the FPP substrate, while 
sesquisabinene A results from 1,6-cyclization to form the bisabolyl cation and subsequent 
formation of a three-membered ring. Incubation of CTD371 with FPP also results in 
formation of sesquisabinene A as a minor product (26%), along with the major product 
(3Z,6E)-α-farnesene (74%). While these are the only products of these incubations  
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Table 6.6. GC-MS product analysis of CTD327 and CTD371 
 
RT 
[min]a 
RIexpb RIdbc Name Structure 1 2 3 4 5 6 
8.54 1403 1392 Geosmin 
 
--- --- 40 --- 22 --- 
8.73 1432 1435 Sesquisabinene 
A 
 
100 26 --- --- --- --- 
9.02 1476 1479 Germacrene D 
 
--- --- 8 9 --- 19 
9.02 1477 1492 γ-amorphene 
 
--- --- --- --- 4 --- 
9.05 1481 1480 (3Z,6E)-α-
farnesene 
 
--- 74 --- --- --- --- 
9.23 1509 --- Unknown  --- --- --- 7 --- --- 
9.52 1557 1543 Eudesma-
5,7(11)-diene 
 
--- --- 8 45 73 44 
9.73 1592 1541 Elemol 
 
--- --- --- 11 --- 2 
9.82 1607 1599 Rosifoliol 
 
--- --- 1 10 --- 13 
 
 
100 
 
9.98 1634 1633 (E,E)-
germacradiene-
11-ol 
 
--- --- 42 18 --- 21 
 
Retention time (minutes); bRetention index, experimental; cRetention index, MassFinder 
Database. Relative product percentage for each sample is shown. Samples numbered as in 
Section 6.5.5: (1) 1 μM CTD327; (2) 1 μM CTD371; (3) 1 μM ScGS690 + 1 1 μM CTD327; 
(4) 1 μM ScGS690 + 1 μM CTD371; (5) 1 μM ScGSHis; (6) 1 μM ScGS690. 
  
 
 
101 
 
detectable by GC-MS analysis, a direct comparison of the amount (mol) of product 
resulting from these incubations to the amount of products resulting from other reactions 
(e.g. incubation of ScGSHis with the natural substrate FPP) is not possible. The turnover for 
the CTD327 and CTD371 reactions with FPP could be very low (even after 16 h of reaction), 
such that significant unreacted FPP substrate remained, and the very small amount of 
pentane-extracted terpenoid products were detected by GC-MS. Previous characterization 
of the ScGS C-terminal domain indicated that only acyclic terpenoid products were formed 
from FPP by this domain of the enzyme (Jiang, 2007). 
 ScGSHis and ScGS690 were incubated with FPP as controls for this experiment, to 
verify that the catalytic activities of these constructs were consistent with earlier trials 
(Section 6.5.2). Curiously, ScGSHis incubation with FPP produced eudesma-5,7(11)-diene 
(73%), geosmin (22%), and γ-amorphene (4%), a product not previously observed from 
ScGS reactions. ScGSHis did not produce any germacradienol or germacrene D, canonical 
products from the N-terminal domain reaction. Since the only known route to geosmin 
formation is from germacradienol starting material, it is likely that ScGSHis does produce 
germacradienol, which is converted to geosmin in the C-terminal domain; free 
germacradienol in solution may have failed to be detected by GC-MS because of prominent 
contamination peaks (from silica gel) in these samples. For ScGS690, this experiment 
yielded results more consistent with previous trials: 44% eudesma-5,7(11)-diene, 21% 
germacradienol, 19% germacrene D, 13% rosifoliol (not previously observed in ScGS 
reactions), and 2% elemol (not previously observed in ScGS reactions). No geosmin was 
produced by ScGS690, consistent with previous results (see Section 6.5.2). This result 
indicates that ScGS690 contains a catalytically active N-terminal domain capable of 
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producing germacradienol and germacrene D, and a catalytically inactive C-terminal 
domain which lacks the capacity to produce geosmin. 
 Using ScGS690 as a proxy for isolated N-terminal domain, ScGS690 was co-
incubated with CTD327 or CTD371 and FPP, such that ScGS690 could act as a source of 
germacradienol for use as a substrate by the C-terminal domain. In the ScGS690 + CTD327 
reaction, geosmin was produced (40%), along with germacradienol (42%), germacrene D 
(8%), and other minor products. In the ScGS690 + CTD371 reaction, no geosmin was 
produced; instead, the major product was eudesma-5,7(11)-diene (45%), followed by 
germacradienol (18%), and other minor products. These results demonstrate that CTD327 
is a catalytically competent ScGS C-terminal domain enzyme that produces geosmin from 
germacradienol supplied by the N-terminal domain of ScGS690. In contrast, CTD371 is not 
capable of producing geosmin even in the presence of germacradienol supplied by ScGS690. 
It is likely that all products observed from this reaction were produced from FPP by 
ScGS690, as the product profile agrees well with that of ScGS690 alone incubated with FPP, 
and there is no overlap with products from incubation of CTD371 alone with FPP.  
Taken together, these experiments demonstrate that some part of the sequence 
M327-Q371 is required for C-terminal domain activity and geosmin formation. This region 
is predicted to comprise mostly the inter-domain linker in ScGS, and does not contain any 
canonical class I terpene cyclase α-helices based on sequence alignment. However, 
PSIPRED (Buchan, 2013; Jones, 1999) predicts random coil secondary structure for most 
of this region, with one α-helix predicted at residues A352-A362. It is possible that this 
predicted structured region plays an important role in the catalysis of the C-terminal 
domain. 
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Chapter 7: Geosmin Synthase – Conclusions and Future Directions 
In this work, we determined the ligand-bound X-ray crystal structure of the N-
terminal domain of ScGS and SAXS scattering profiles for ScGS690 and full-length ScGS. 
Although the SAXS scattering profiles were determined at room temperature and account 
for flexibility and dynamics of the ScGS structure in solution, the X-ray crystal structure 
of the N-terminal domain was determined at cryogenic temperature (100 K). Although this 
practice greatly reduces radiation damage and allows collection of entire data sets from a 
single crystal, crystallographic data collection at cryogenic temperature has been shown to 
remodel the protein structure in significant ways, including bias in side chain 
conformations, decreases in protein volume, and changes in crystal lattice contacts (Fraser, 
2011). The use of programs such as qFit and Ringer (Fraser, 2011) can be used to detect 
alternate side chain conformations in the electron density of cryogenic structures that are 
typically regarded as “noise” and not modeled. Although the conclusions drawn from the 
X-ray crystal structure of the ScGS N-terminal domain presented here are not largely 
affected by the potential introduction of bias at cryogenic temperature, awareness of the 
limitations of a cryogenically-determined crystal structure is important for drawing 
functional conclusions from structural data. 
The experimental X-ray crystallographic and SAXS data on geosmin synthase, in 
conjunction with homology models of the C-terminal domain of ScGS, indicates possible 
models of αα domain association in the full-length enzyme. Based on these SAXS models, 
and regardless of the orientation of one domain to the other in the αα assembly, there is no 
channel specifically formed between the two active sites. Although bifunctional catalysis 
might be facilitated by a simple proximity or clustering effect (Brodelius, 2002; Castellana, 
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2014), it is not clear that germacradienol generated in the N-terminal domain is captured 
by the C-terminal domain of the same or a different geosmin synthase molecule. In 
contrast, cluster channeling has been observed in another bifunctional αα system, 
fusicoccadiene synthase from Phomopsis amygdali (PaFS). Experiments probing this 
phenomenon in PaFS are described in Appendix 1. Future studies will continue to probe 
these aspects of catalysis and the role of domain architecture in bifunctional catalysis by 
ScGS. 
Significant progress was also made towards probing the structure and function of 
the C-terminal domain of ScGS. We optimized the expression and purification of two 
constructs of the C-terminal domain, one of which is catalytically active, and demonstrated 
that these isolated CTD constructs are well-folded in solution. By GC-MS, we 
demonstrated that both N-terminal and C-terminal truncations to the ScGS C-terminal 
domain, as well as active site mutations, decrease or abolish catalytic activity in this 
domain, as measured by geosmin formation. For structural characterization, crystals of 
CTD371 can be reproducibly formed through microseeding. Optimization of current CTD371 
crystal hits is likely to yield a structure of the ScGS C-terminal domain and allow for a 
better mechanistic understanding of geosmin formation. 
Current crystallographic work with the ScGS C-terminal domain is encouraging 
and may yield diffraction-quality crystals in the near future. Crystals of CTD371 may 
require more rounds of seeding or co-crystallization with different ligands (e.g. other 
bisphosphonate compounds, BTAC and/or PPi, or more substrate- or product-like 
compounds) to produce crystals of high enough quality for diffraction and structure 
determination. CTD327 should be screened more thoroughly for crystallization using 
 
 
105 
 
microseeding, varying protein concentrations, and various ligands, since determining the 
crystal structure of this catalytically active construct would likely be informative, 
especially in comparison to the structure of the inactive CTD371. In lieu of a crystal structure 
of the C-terminal domain, another structural technique, such as protein NMR, could be 
used to study this domain in isolation. Although de novo protein structure prediction by 
ROSETTA would be impractical due to the large size of this approximately 400 amino acid 
domain, ROSETTA could be used for structure prediction of the C-terminal domain in 
conjunction with low-resolution experimental data from NMR restraints or X-ray 
crystallographic data (Kaufmann, 2010). 
Further functional characterization of ScGS should also focus on catalysis in the C-
terminal domain. This work shows that the ScGS C-terminal domain contains all canonical 
sequence motifs for Mg2+ (aspartate-rich and “NSE” motifs) and pyrophosphate (“RY” 
motif) binding, and that mutations in these regions decrease or abolish C-terminal domain 
catalytic activity. It has been previously shown that Mg2+ is required for the C-terminal 
domain reaction (Jiang, 2007). To determine if pyrophosphate can bind in the C-terminal 
domain and potentially play a role in geosmin formation, binding studies of PPi and similar 
compounds (such as bisphosphonates like alendronic acid) should be conducted with the 
isolated C-terminal domain by isothermal titration calorimetry. Analysis of PPi binding in 
the C-terminal domain may also indicate the most useful ligands for co-crystallization with 
this domain. 
Further truncations to the N-terminal side of the C-terminal domain should be made 
to continue the analysis of sequence elements necessary for geosmin formation. As noted 
in Section 6.5.5, residues A352-A362 in ScGS are predicted to be α-helical and do not 
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align with any of the canonical helices A-J in class I cyclases. This part of the sequence is 
present in catalytically active CTD327, but absent in catalytically inactive CTD371, 
indicating that this part of the protein sequence is required for geosmin formation. It is 
conceivable that this predicted α-helix and other parts of the inter-domain linker act as an 
N-terminal cap on the C-terminal domain active site, promoting full closure of the active 
site and progression of the substrate through the cyclization reaction cascade as seen in 
other class I cyclases (Starks, 1997). Creation and functional characterization of constructs 
containing progressive truncations to the C-terminal domain N-terminus between residues 
327 and 371 (including all, part, or none of the predicted α-helix at residues A352-A362) 
would indicate precisely which residues of the C-terminal domain of ScGS are necessary 
for geosmin production. Additionally, further mutations to the active site of the C-terminal 
domain (as determined by an X-ray crystal structure) and subsequent effects on product 
formation could indicate the active site residues that play a direct role in the unique 
fragmentation reaction catalyzed by the C-terminal domain. 
When the X-ray crystal structure of the C-terminal domain of ScGS is determined, 
the SAXS modeling presented in Chapter 5 should be repeated with the experimentally-
determined C-terminal domain structure in place of the homology models used here. The 
SAXS models produced with exclusively experimental structural data may provide 
different models for domain association in this system, or – more likely, given the low 
resolution data derived from SAXS – may provide stronger evidence for our current models 
that lack any suggestion of channeling between the two domains of ScGS. Determination 
of the crystal structure of the C-terminal domain will also allow for comparison with 
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homology models and analysis of the structure prediction carried out by I-TASSER and 
other homology modeling programs (described in Chapter 5). 
Finally, further attempts should be made to determine the X-ray crystal structure of 
ScGS constructs containing both α-domains or the complex of the two domains. Protocols 
described here have been developed for crystallization of both ScGS domains in isolation; 
these crystals could be used for seeding of full-length ScGS to promote crystallization. The 
inter-domain linker could be shortened, based on functional characterization of N-terminal 
truncations to the C-terminal domain, to reduce flexibility and promote crystallization of 
the two-domain enzyme. Crosslinking of the two domains could also be used to promote 
crystallization, as this technique has not been attempted with ScGS. While this may provide 
the structure of a non-native association between the two domains, the SAXS scattering 
data and solution models can be used as more native-like comparisons for a crosslinked 
crystal structure. Future studies will continue to probe global and local structural aspects 
of this system, and determine how both αα domain association and detailed active site 
shape influence unique bifunctional catalysis in ScGS.  
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Part II: Structural and Functional Studies of epi-Isozizaene Synthase 
Chapter 8: Introduction to EIZS 
8.1 Introduction 
 Although terpene cyclases often catalyze the formation of complex cyclic products 
with high stereochemical fidelity, many cyclases have more promiscuous activities and 
produce several different terpene products from the same substrate. An example of a 
promiscuous cyclase is epi-isozizaene synthase (EIZS) from Streptomyces coelicolor. This 
sesquiterpene cyclase converts FPP to the tri-cyclic compound epi-isozizaene as its major 
product, accounting for about 80% of the total product yield; however, the wild type 
enzyme also produces five other minor products from the same FPP substrate (Aaron, 
Biochemistry, 2010).  
The promiscuous activity of EIZS indicates that the active site template is 
“imperfect” and allows several different products to be formed. We have exploited the 
permissive nature of the active site by changing its shape through mutagenesis to alter the 
products formed by the enzyme. Mutation of a single amino acid at the active site of EIZS 
can change the proportion of products made by the enzyme, as well as create totally new 
products not made by the wild type enzyme. With 26 single mutations at the active site of 
EIZS, Li et al. tripled the number of products made by the wild type enzyme, all from the 
same FPP substrate (Figure 8.1.; Li, 2014). These studies focused on mutation of three 
crucial aromatic residues at the active site – F95, F96, and F198 (Figure 8.2) – to other 
aromatic or aliphatic residues. These mutations often allow for significant retention of 
cyclization activity, and some of these mutants produce interesting sesquiterpene products  
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Figure 8.1. Biosynthetic manifold illustrating the proposed mechanism of FPP cyclization 
reactions catalyzed by EIZS and its site-specific mutants. The predominant products of 
wild-type EIZS and certain EIZS mutants are highlighted in cyan and blue boxes, 
respectively, and side products are highlighted in yellow boxes. With regard to product 
stereochemistry, it should be noted that the determination of the absolute configuration of 
the (+)-epi-isozizaene produced by EIZS has been previously reported (Lin, 2006). 
Although the absolute configurations of (+)-prezizaene and (+)-zizaene produced by EIZS 
mutants have not been directly determined (Lin, 2009), they can be provisionally assigned 
from the natural cyclization mechanism, because they represent simple late-stage 
diversions of the pathway. By contrast, generation of both enantiomers of β-cedrene has 
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been directly determined for F198L EIZS by direct chiral GC–MS comparison with 
authentic standards, as described in Li, 2014. The formation of both (−)- and (+)-β-cedrene 
requires that EIZS or its mutants be capable of generating both the (7S)- and (7R)-
homobisabolyl cations, as shown. The absolute configurations of the remaining aberrant 
sesquiterpene cyclization products have not been determined and are arbitrarily illustrated 
for (Z)-α-bisabolene, β-curcumene, sesquisabinene A, sesquiphellandrene, epi-β-santalene, 
epi-zonarene, (−)-α-cedrene, β-acoradiene, and helifolene. Formation of the enantiomers 
of any of these compounds can readily be accommodated by simple variations of the 
mechanistic scheme. Adapted with permission from Li, R., Chou, W. K. W., 
Himmelberger, J. A., Litwin, K. M., Harris, G. G., Cane, D. E., and Christianson, D. W. 
(2014) Reprogramming the Chemodiversity of Terpenoid Cyclization by Remolding the 
Active Site Contour of epi-Isozizaene Synthase. Biochemistry 53, 1155-1168. Copyright 
2014 American Chemical Society. 
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Figure 8.2. Model of the (7S)-homobisabolyl cation bound in the active site of wild-type 
EIZS, showing how the L72/W325/V329/F332 cluster could chaperone the precise 
conformation of the prenyl side chain that would generate the acorenyl cation leading to 
epi-isozizaene formation as summarized in Figure 8.1. Adapted with permission from Li, 
R., Chou, W. K. W., Himmelberger, J. A., Litwin, K. M., Harris, G. G., Cane, D. E., and 
Christianson, D. W. (2014) Reprogramming the Chemodiversity of Terpenoid Cyclization 
by Remolding the Active Site Contour of epi-Isozizaene Synthase. Biochemistry 53, 1155-
1168. Copyright 2014 American Chemical Society.  
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not made by the wild type enzyme. For example, EIZS F95H produces as its major product 
β-curcumene (as 50% of the total product yield), which can be chemically hydrogenated to 
bisabolane, a diesel fuel substitute (Peralta-Yahya, 2011).  
Based on studies that replaced aromatic and aliphatic side chains at the active site 
with other aliphatic residues, we sought to determine the boundaries of chemical 
functionality in the highly hydrophobic active site with retention of cyclization activity. 
Specifically, this work demonstrates that mutation of aromatic residues at the active site to 
polar side chains results in mutant enzymes that retain cyclization activity and produce new 
sesquiterpene products. Structural characterization by X-ray crystallography and product 
array analysis by GC-MS provide a platform for prediction of cyclization products and 
direction of the reaction cascade in future studies. 
8.2 Expression and purification of EIZS polar mutants 
 A total of 14 new single-site EIZS mutants were prepared by PCR mutagenesis 
using the primers in Table 8.1. Typically, 50 μL PCR reactions contained 5 μL 10x PFu 
Ultra HF Buffer (Agilent), 4 μL mixed dNTPs (10 mM total, 2.5 mM each of dATP, dTTP, 
dCTP, and dGTP), 1 μL forward primer (150 ng/μL), 1 μL reverse primer (150 ng/ μL), 2 
μL template EIZS WT plasmid (50 ng/ μL), 1 μL PFu Ultra HF polymerase (Agilent), 0-
2.5 μL DMSO, and autoclaved dI H2O to bring the final volume to 50 μL. The reaction was 
denatured initially at 95 °C for 1-2 min, followed by 30-40 cycles (denaturation at 95 °C 
for 30 sec, annealing at Tm – 5 or 10 °C for 1 min, extension at 72 °C for 7 min), and a final 
extension at 72 °C for 10 min. The PCR products were digested with 1 μL Dpn1 enzyme 
in CutSmart Buffer (New England Biolabs) at 37 °C for 2 hours to digest the template  
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Table 8.1. Mutagenic primers for EIZS mutants 
Mutation Forward 
(F) or 
Reverse 
(R) 
Primer (5’-3’ sequence) 
L67G 
F GAATATGCCGACGGTGGGTGCTACACGGACCTC 
R GAGGTCCGTGTAGCACCCACCGTCGGCATATTC 
L67A 
F GAATATGCCGACGGTGCTTGCTACACGGACCTC 
R GAGGTCCGTGTAGCAAGCACCGTCGGCATATTC 
L67V 
F GAATATGCCGACGGTGTTTGCTACACGGACCTC 
R GAGGTCCGTGTAGCAAACACCGTCGGCATATTC 
Y69F 
F GCCGACGGTCTGTGCTTTACGGACCTCATGGCG 
R CGCCATGAGGTCCGTAAAGCACAGACCGTCGGC 
Y69A 
F GAATATGCCGACGGTCTGTGCGCTACGGACCTCATGGCG 
R CGCCATGAGGTCCGTAGCGCACAGACCGTCGGCATATTC 
F95D 
F GATAGCGGACTACAGCGCGTGGGACTTTGTCTGGGACGAC 
R GTCGTCCCAGACAAAGTCCCACGCGCTGTAGTCCGCTATC 
F95E 
F GATAGCGGACTACAGCGCGTGGGAATTTGTCTGGGACGAC 
R GTCGTCCCAGACAAATTCCCACGCGCTGTAGTCCGCTATC 
F95N 
F GATAGCGGACTACAGCGCGTGGAATTTTGTCTGGGACGACCGTCAC 
R GTGACGGTCGTCCCAGACAAAATTCCACGCGCTGTAGTCCGCTATC  
F95Q 
F GATAGCGGACTACAGCGCGTGGCAATTTGTCTGGGACGACCGTCAC 
R GTGACGGTCGTCCCAGACAAATTGCCACGCGCTGTAGTCCGCTATC 
F95C 
F GATAGCGGACTACAGCGCGTGGTGTTTTGTCTGGGACGACCGTCAC 
R GTGACGGTCGTCCCAGACAAAACACCACGCGCTGTAGTCCGCTATC 
F96S 
F GACTACAGCGCGTGGTTCTCTGTCTGGGACGACCGTCAC 
R GTGACGGTCGTCCCAGACAGAGAACCACGCGCTGTAGTC 
F96T 
F GACTACAGCGCGTGGTTCACTGTCTGGGACGACCGTCAC 
R GTGACGGTCGTCCCAGACAGTGAACCACGCGCTGTAGTC 
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F96H 
F GACTACAGCGCGTGGTTCCATGTCTGGGACGACCGTCAC 
R GTGACGGTCGTCCCAGACATGGAACCACGCGCTGTAGTC 
W203H 
F GTTCGCGCACTGGATCCATACCGACCTGCTGG 
R CCAGCAGGTCGGTATGGATCCAGTGCGCGAAC 
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plasmid. The digested PCR products were purified using a Qiagen QIAquick PCR 
Purification Kit, concentrated under vacuum to 10-12 μL, and transformed into DH5α cells. 
DNA was isolated using a Qiagen Plasmid Miniprep Kit from 5 mL cultures grown from 
single colonies. Plasmids of EIZS mutants were verified by the DNA Sequencing Facility 
at the Perelman School of Medicine of the University of Pennsylvania. 
 EIZS polar mutants were expressed and purified as previously described (Li, 2014). 
Briefly, EIZS mutants were transformed into BL21(DE3) E. coli, grown in 1 L LB cultures 
at 37 °C to OD600 ~0.8, cooled to 18 °C, and induced overnight at 18 °C with 100 μM 
IPTG. Cells were harvested, lysed by sonication, and clarified by centrifugation. EIZS 
mutant protein was purified by Co2+ metal affinity chromatography (TALON metal affinity 
resin, Clontech) and size exclusion chromatography (Superdex-200). Some EIZS mutant 
proteins were observed to aggregate at concentrations desired for crystallization 
(approaching 8-10 mg/mL), and were typically stored at -80 °C at 2-10 mg/mL. 
 New EIZS mutant plasmids created include: L67G, L67A, L67V, Y69F, Y69A, 
F95D, F95E, F95N, F95Q, F95C, F96S. F96T, F96H, and W203H. Two mutants, F95D 
and F95E, displayed no expression to the soluble fraction of the lysate and are likely 
expressed as inclusion bodies; these mutants were not further pursued. The product arrays 
were determined by GC-MS for Y69F, Y69A, F95N, F95Q, F95C, F96S. F96T, and F96H. 
Crystals of the mutants F95N, F95C, and F95Q were obtained, and the crystal structures 
of F95N and F95C in complex with three Mg2+ ions, inorganic pyrophosphate, and 
benzyltriethylammonium cation (BTAC) were determined.  
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Chapter 9: Crystal structures of EIZS mutants containing polar residues at the active  
 
site 
 
9.1 Materials and Methods 
 
Heterogeneous microseeding was used to crystallize mutants of EIZS at a lower 
concentration than the wild type. Crystals of EIZS WT in complex with Mg2+3, BTAC, and 
PPi were produced as previously described (Aaron, Biochemistry, 2010). Crystals were 
manually crushed in an 8 μL drop used for crystallization. 10 μL of precipitant solution 
[0.1 M BIS-TRIS (pH 5.5), 0.2 M (NH4)2SO4, 25% (w/v) polyethylene glycol 3350] was 
added to the drop containing crushed crystals, and the total 18 μL was removed to a tube 
containing 162 μL of precipitant solution to create a 10x dilution seed stock. This tube was 
vortexed briefly to further break up the crystals. A 100x dilution seed stock was made with 
a 9:1 dilution of precipitant solution:10x seed stock. The 100x dilution seed stock was 
vortexed thoroughly and stored at 4 °C.  
 The sitting drop vapor diffusion method was used for crystallization of EIZS 
mutants F95N and F95C. For EIZS F95N, a 0.5 μL drop of protein solution [4 mg/mL 
protein, 20 mM Tris (pH 7.5), 300 mM NaCl, 10 mM MgCl2, 10% (v/v) glycerol, 2 mM 
TCEP, 2 mM sodium pyrophosphate, 2 mM BTAC] was added to 0.6 μL of precipitant 
solution [0.2 M MgCl2·6H2O, 0.1 M HEPES (pH 7.5), 25% (w/v) polyethylene glycol 
3350], followed by 0.1 μL of 100x dilution EIZS WT seed stock. The drop was equilibrated 
against a 100 μL reservoir of precipitant solution at room temperature. For EIZS F95C, a 
0.5 μL drop of protein solution [4 mg/mL protein, 20 mM Tris (pH 7.5), 300 mM NaCl, 10 
mM MgCl2, 10% (v/v) glycerol, 2 mM TCEP, 2 mM sodium pyrophosphate, 2 mM BTAC] 
was added to 0.6 μL of precipitant solution [0.2 M MgCl2·6H2O, 0.1 M BIS-TRIS (pH 
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6.5), 25% (w/v) polyethylene glycol 3350], followed by 0.1 μL of 100x dilution EIZS WT 
seed stock. The drop was equilibrated against a 100 μL reservoir of precipitant solution at 
room temperature. Crystals of EIZS F95N belonged to space group P21 (a = 52.85 Å, b = 
47.18 Å, c = 75.49 Å; α = 90.00°, β = 95.95°, γ = 90.00°) with one molecule in the 
asymmetric unit. Crystals of EIZS F95C belonged to space group P21 (a = 51.61 Å, b = 
46.79 Å, c = 75.37 Å; α = 90.00°, β = 98.16°, γ = 90.00°) with one molecule in the 
asymmetric unit. Crystals of EIZS F95N and F95C diffracted X-rays to 2.40 Å resolution 
and 1.90 Å resolution, respectively, at the Stanford Synchrotron Radiation Lightsource, 
beamline 14-1, SLAC National Accelerator Laboratory (Menlo Park, CA).  
 X-ray diffraction data sets for EIZS F95N were indexed and integrated with 
iMOSFLM (Battye, 2011) and scaled with AIMLESS (Evans, 2013) in the CCP4 software 
suite (Winn, 2011). X-ray diffraction data sets for EIZS F95C were indexed, integrated, 
and scaled using HKL2000 (Otwinowski, 1997). The crystal structures of these mutants 
were determined by molecular replacement with PHASER (McCoy, 2007) using the EIZS 
WT crystal structure (PDB ID 3KB9) as a search model. Manual model building and 
refinement were performed with COOT (Emsley, 2010) and PHENIX (Adams, 2010), 
respectively. Data collection and refinement statistics for EIZS F95N and F95C in complex 
with three Mg2+ ions, BTAC, and PPi are listed in Table 9.1. 
9.2 Crystal structures of EIZS F95N and F95C mutants 
 The microseeding procedure using EIZS wild type crystals promoted crystallization 
of EIZS mutants containing mutant residues at the active site at lower protein 
concentrations than typically used for crystallization in this system. EIZS mutants 
containing polar residues at the active site, such as F95N and F95C, were observed to 
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Table 9.1. Data collection and refinement statistics for EIZS F95N and EIZS F95C 
complexes with Mg2+, BTAC, and PPi 
 EIZS F95N-Mg2+3-
BTAC-PPi complex 
EIZS F95C-Mg2+3-
BTAC-PPi complex 
A. Data Collection 
Resolution limits (Å) 39.95 – 2.40 32.53 – 1.90 
Total/unique reflections 
measured 
52707/14666 115619/28124 
Space group P21 P21 
Unit cell  
(a,b,c;α,β,γ) 
52.85, 47.18, 75.49;  
90.00, 95.95, 90.00 
51.61, 46.79, 75.37; 
90.00, 98.16, 90.00 
Rmerge
a,b 0.132 (0.458) 0.143 (0.553) 
I/σ(I)a 5.6 (2.2) 9.9 (2.5) 
Completeness (%)a 99.9 (99.3) 99.3 (96.8) 
CC1/2 0.988 (0.853) 0.992 (0.810) 
B. Refinement 
Reflections used in 
refinement/test set 
14651/760 28111/1406 
Rwork
a,c 0.1856 (0.2267) 0.1573 (0.1884) 
Rfree
a,c 0.2431 (0.2561) 0.1906 (0.2240) 
Protein atomsd 2699 2719 
Ligand atomsd 23 28 
Mg2+ ionsd 3 3 
Solvent atomsd 48 187 
R.m.s. deviations 
bonds (Å) 0.008 0.015 
angles (deg) 1.11 1.43 
Average B factors (Å2) 31.6 24.7 
Protein 31.6 24.2 
Ligand 30.9 28.0 
Solvent 30.0 31.5 
Ramachandran Plot (%)e 
Allowed 93.4 95.4 
Additionally allowed 6.6 4.3 
Generously allowed 0.0 0.3 
Disallowed 0.0 0.0 
 
aNumbers in parentheses refer to the highest resolution shell of data. bRmerge for replicate 
reflections, R = ∑|Ih – Ih|/∑Ih; Ih = intensity measure for reflection h; and Ih = average 
intensity for reflection h calculated from replicate data. cRwork = ∑||Fo| – |Fc||/∑|Fo| for 
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reflections contained in the working set. Rfree = ∑||Fo| – |Fc||/∑|Fo| for reflections contained 
in the test set held aside during refinement (5% of total). |Fo| and |Fc| are the observed and 
calculated structure factor amplitudes, respectively. dPer asymmetric unit. eEvaluated with 
PROCHECK. 
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aggregate at high concentrations (8-10 mg/mL) during purification. Wild type EIZS and 
other EIZS mutants have previously crystallized only at concentrations greater than or 
equal to 8 mg/mL (Li, 2014). Microseeding using EIZS wild type crystal seed stock 
produced crystals of EIZS F95N and F95C mutants at 4 mg/mL protein. 
 The X-ray crystal structures of EIZS F95N and F95C, both in complex with three 
Mg2+ ions, BTAC, and PPi, are shown superimposed with the wild type structure in Figure 
9.1. The overall fold of the mutants is highly similar to wild type EIZS, as expected based 
on previous active site mutants. Small changes in helix topology occur in the mutant 
structures at helices E and H. Both of these α-helices are split into one α-helix that is nearly 
as long as the corresponding helix in the wild type structure, and one very short α-helix 
lying toward the bottom of the structure, as seen in Figure 9.1. Additionally, the final α-
helix J is shorter in the mutant structures; the last residue in helix J is W344 in the wild 
type structure and E335 in the F95N and F95C mutant structures. The remainder of the 
peptide sequence to the C-terminus in the mutant structures contains one or two short α-
helices that do not directly continue from the canonically final helix J. These small 
structural variations when compared with the wild type enzyme may indicate a slightly 
less-compact α-bundle fold for the mutants and correspondingly lower stability and 
propensity to aggregate at high concentrations. 
 Simulated annealing omit maps are shown for the mutant residues in the EIZS F95N 
and F95C structures in Figure 9.2. N95 is modeled in one conformation. The density for 
the side chain nitrogen atom is poor; however, the wild type Phe residue is clearly not well 
modeled in this electron density. C95 is modeled in two conformations; the major 
conformation (pointing down in Figure 9.2) is modeled at 75% occupancy, and the minor   
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Figure 9.1. Superimposition of EIZS wild type (PDB ID 3KB9, dark blue), EIZS F95N 
(cyan), and EIZS F95C (lime green). The aspartate-rich and “NSE” metal-coordinating 
motifs are shown in red and orange, respectively, for each structure.  
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Figure 9.2. Active site views of (A) EIZS F95N and (B) EIZS F95C. The mutated residues 
are shown as sticks. Mesh shows simulated annealing omit map for the mutant residue, 
contoured at 3.0 σ.   
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conformation (pointing up in Figure 9.2) is modeled at 25% occupancy. There is not clear 
electron density for two entirely separate conformations of this side chain, so this may 
indicate that the C95 side chain is mobile and able to occupy various positions in the active 
site. 
 In both the EIZS F95N and F95C crystal structures, there is clear electron density 
for three Mg2+ ions and pyrophosphate bound in the active site. Each Mg2+ has a complete 
octahedral coordination polyhedron with ligands from the pyrophosphate ligand, protein 
side chains, or water molecules. The “RY” pyrophosphate recognition motif (R338 and 
Y339) also stabilizes the pyrophosphate through hydrogen bonds, as observed in wild type 
EIZS. In EIZS F95C, the BTAC ligand is clearly bound in the active site in a similar 
orientation to the EIZS wild type structure (Figure 9.3). In the wild type structure, BTAC 
is stabilized by cation-π interactions between the positively charged nitrogen atom of the 
ligand and the benzyl rings of the F95, F96, and F198 side chains (Aaron, Biochemistry, 
2010). In EIZS F95C, although one of these benzyl rings is replaced by a thiol group, 
cation-π interactions with only two benzyl rings are sufficient to stabilize the BTAC ligand 
in a similar orientation. In EIZS F95N, the electron density for the BTAC ligand is more 
difficult to interpret, likely due to the lower resolution of this structure. Two distinct areas 
of electron density, matching the position of BTAC in the active site of the wild type 
structure, are modeled as either the benzyl ring or the triethyl ammonium group of the 
ligand (Figure 9.4). When an alternate conformation for the ligand is defined, and 
refinement for occupancies is performed, the two conformations shown in Figure 9.4 each 
exhibit roughly 50% occupancy. While visually fitting the electron density for this ligand 
would lead to a preference for modeling BTAC in an orientation similar to the wild type  
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Figure 9.3. Active site of EIZS F95C in complex with three Mg2+ ions (magenta spheres), 
PPi (sticks, orange P atoms), and BTAC (sticks, yellow C atoms). Mesh shows simulated 
annealing omit map for BTAC, contoured at 3.0 σ. Although electron density is missing 
for one of the ethyl groups of BTAC, the orientation of BTAC in the active site is clear, as 
shown by the good fit of the modeled ligand to the flattened density for the benzyl ring. 
This orientation of BTAC matches closely with that observed in the active site of wild type 
EIZS (PDB ID 3KB9).  
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Figure 9.4. Active site views of EIZS F95N in complex with three Mg2+ ions (magenta 
spheres), PPi (sticks, orange P atoms), and BTAC (sticks, yellow C atoms). BTAC can be 
modeled in two different orientations due to the poor electron density for this ligand. The 
orientation of BTAC in the active site of EIZS F95N may be similar to that of wild type 
EIZS (B) or flipped with respect to the wild type structure (A).  
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and F95C structures (Figure 9.4B), R-factors are slightly improved when BTAC is modeled 
in the opposite orientation (Figure 9.4A). The refinement statistics for the structure 
matching that in Figure 9.4A are shown in Table 9.1. Further refinement of the EIZS F95N 
structure, or determining a structure of this mutant at higher resolution, will likely indicate 
the orientation of BTAC in the active site with higher confidence. 
 Overall, the X-ray crystal structures of the EIZS F95N and F95C mutants presented 
here demonstrate that the mutants share the same fold and helix topology of the wild type 
enzyme, and that polar residues at the active site do not induce large global structural 
changes. However, these structures do not provide detailed mechanistic information or 
rationale for why EIZS F95N and F95C produce β-curcumene and α-neocallitropsene as 
major products, respectively, rather than epi-isozizaene (see Chapter 10). Further structural 
characterization of these and other EIZS mutants containing polar residues at the active 
site, with ligands more closely resembling the substrate FPP, intermediates along the 
reaction cascade, or the products of these mutants, will aim to determine specific molecular 
interactions that polar active site side chains make to influence the cyclization reaction.  
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Chapter 10: Product distributions of EIZS polar mutants 
10.1 Materials and Methods 
 
 Product distributions of EIZS mutants were determined by GC-MS as previously 
described (Li, 2014). Briefly, 40 μM FPP was incubated with 1 μM EIZS mutant in size 
exclusion buffer [20 mM Tris (pH 7.5), 300 mM NaCl, 10 mM MgCl2, 10% glycerol, 2 
mM TCEP] in 6 mL total reaction volume. The reaction mixture was overlaid with 5 mL 
HPLC grade n-pentane in a glass test tube and incubated at 30 °C for 16-18 h. The reaction 
mixture was extracted with an additional 3 x 5 mL pentane (total 20 mL extracts). The 
pentane extracts were dried with anhydrous MgSO4, filtered, and concentrated on an 
ice/water bath under reduced pressure to approximately 100 μL. Reaction mixture extracts 
were analyzed with an Agilent mass spectrometer with a 30 m x 0.25 mm HP5MS capillary 
column using a temperature program with an initial 2 min hold at 60 °C, a 20 °C/min 
temperature gradient from 60 °C to 280 °C, and a final 2 min hold at 280 °C. Sesquiterpene 
products were identified by comparison of their mass spectra and GC retention indices with 
those of authentic compounds using the MassFinder 4.0 Program and Database (Harangi, 
2003). 
10.2 Results 
 
 We determined the sesquiterpene product distributions of eight mutants of EIZS: 
Y69F, Y69A, F95N, F95Q, F95C, F96S, F96T, and F96H (Table 10.1). Mainly, these 
mutations have produced enzymes that catalyze the formation of previously observed 
products from this enzyme. Thirteen products not previously observed were produced by 
some of the new polar mutants of EIZS; these are shown in Figure 10.1. 
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Table 10.1. GC-MS product analysis of EIZS mutants 
 
    EIZS mutantd 
RT 
[min]a 
RIexpb RIdbc Name Y69F Y69A F95N F95Q F95C F96S F96T F96H 
8.43 1386 1385 α-funebrene  1  1 <1  1  
8.48 1395 --- Unknown     <1    
8.57 1408 1406 Helifolene       <1  
8.60 1413 --- Unknown     1    
8.65 1420 --- Unknown     1   4 
8.65 1420 1418 α-cedrene    <1   3  
8.65 1421 1423 β-duprezianene  <1       
8.70 1428 --- Unknown        4 
8.71 1429 1424 β-cedrene 4 5     5  
8.78 1430 --- Unknown 3        
8.71 1429 1433 Selina-4(15),5-
diene 
    <1    
8.75 1435 --- Unknown  2       
8.75 1435 1435 Sesquisabinene A 1    1 78   
8.77 1439 1446 (E)-β-farnesene  2 1 1 1  30 18 
8.86 1452 1444 epi-isozizaene 84 66 5 6 6 1   
8.92 1455 --- Unknown      3   
8.93 1463 1452 Prezizaene 2 5       
9.00 1467 --- Unknown      1   
9.00 1468 --- Unknown   26      
8.98 1470 --- Unknown       5  
8.98 1470 1456 Zizaene 6 7       
8.98 1471 1475 γ-curcumene    25 22    
9.03 1478 1475 α-
neocallitropsene 
 2 1 1 23  5  
9.09 1481 --- Unknown      3   
9.06 1483 --- Unknown     <1    
9.07 1485 --- Unknown  <1       
9.10 1489 1498 (E,E)-α-farnesene     1  5  
9.11 1490 --- Unknown  <1       
9.16 1498 1503 β-bisabolene  <1     6 <1 
9.18 1501 1503 β-curcumene  <1 28 29 2    
9.22 1508 1505 (Z)-γ-bisabolene  3 3 5 3 8 35  
9.26 1515 1516 β-
sesquiphellandrene 
 <1   <1    
9.31 1523 --- Unknown     <1    
9.35 1530 1530 (E)-α-bisabolene       1  
9.38 1535 --- Unknown  <1       
9.46 1548 1553 (E)-nerolidol  2 6 3 9  5 73 
9.87 1616 1603 Cedrol  1       
9.89 1619 1620 12-epi-cedrol    <1 1    
10.17 1667 1667 Acorenol    2 3    
10.17 1667 --- Unknown  2       
10.22 1675 --- Unknown  1       
10.22 1676 1673 α-bisabolol   18 13 4    
10.26 1682 --- Unknown  1       
10.29 1687 --- Unknown  <1       
10.38 1696 1694 (E,E)-Farnesol      5   
10.38 1703 --- Unknown   13 14 21    
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aRetention time (minutes); bRetention index, experimental; cRetention index, MassFinder 
Database. dRelative product percentage for each mutant.  
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Figure 10.1. Products of EIZS mutants  
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The most conservative mutations to EIZS involve those to residue Y69, which does 
not contribute any surface area to the active site contour but lies behind the F96 side chain 
(Figure 10.2). Y69 forms a hydrogen bond with R338, one of the residues that stabilizes 
PPi bound in the active site. We hypothesized that deleting this hydrogen bond with a 
conservative mutation, Y69F, and a small aliphatic mutation, Y69A, might affect product 
distribution by allowing flexibility for F96, thereby changing the shape of the active site 
contour. The major product of Y69F and Y69A mutants is epi-isozizaene, as in the wild 
type enzyme, and the relative percentage of epi-isozizaene produced for these three 
enzymes is comparable (79% for wild type, 84% for Y69F, 66% for Y69A). EIZS Y69A 
also produces a significant number of other sesquiterpene products in small amounts, in 
addition to the reduced relative amount of epi-isozizaene when compared to wild type. 
These results indicate that deletion of the hydrogen bond from the side chain of residue 69 
(Y69F) does not significantly affect product distribution. However, a more drastic 
mutation, Y69A, does produce greater flexibility in the active site template as evidenced 
by the greater number of minor products made by the EIZS Y69A mutant in comparison 
to wild type, even though this mutant still produces the same major sesquiterpene product. 
It was observed previously that mutation of a residue that does not contribute surface area 
to the active site contour can change product distribution in EIZS. Two mutations at residue 
A236 (A236G and A236F) display mostly wild type product distribution, producing epi-
isozizaene and zizaene exclusively; the A236F mutant also produces a small amount of β-
cedrene. A third mutant at this position, A236M, is inactive and does not produce cyclic 
products from substrate FPP (Li, 2014).  The product distribution of EIZS Y69A is the first  
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Figure 10.2. Stereo view of EIZS active site and residues lying behind the active site 
contour. F96 lies at the active site and has been shown to be a key residue for manipulation 
of enzyme products. Y69 lies behind F96 and forms a hydrogen bond with R338.  
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observance of mutation to a residue behind the active site contour to a smaller side chain 
that results in the generation of new sesquiterpene products in this system. 
 Mutation of residue F95 to two different polar side chains (N and Q) resulted in 
conversion of EIZS to a β-curcumene synthase, although this product accounts for only 
28% and 29% of the total terpene product yield in EIZS F95N and F95Q, respectively. 
These mutants produce lower relative percentages of β-curcumene than EIZS F95H, which 
produces β-curcumene as its major product in 50% yield (Li, 2014). Along with other 
minor sesquiterpene products, these two mutants produce the cyclic sesquiterpene alcohol 
α-bisabolol and the linear sesquiterpene alcohol (E)-nerolidol. These are the first mutants 
of EIZS observed to produce alcohol sesquiterpene products; previous mutants have 
produced only hydrocarbon terpene products (Li, 2014). Another mutant at position 95, 
F95C, is an α-neocallitropsene synthase, which is a product not previously observed for 
any EIZS mutants. EIZS F95C produces γ-curcumene in almost equal amounts to α-
neocallitropsene (22% and 23%, respectively), as well as some sesquiterpene alcohol 
products. 
 The F96H mutant has largely lost cyclization activity and produces almost 
exclusively the linear terpenoid products (E)-nerolidol (73%) and (E)-β-farnesene (18%). 
This is the first EIZS mutant observed to produce a sesquiterpene alcohol, (E)-nerolidol, 
as a major product. The F96T mutant is a (Z)-γ-bisabolene synthase (35% product yield), 
and also produces (E)-β-farnesene in almost the same amount (30%). Interestingly, EIZS 
F96V, which is approximately isosteric with F96T, also produces (Z)-γ-bisabolene as its 
major product (44% product yield; Li, 2014). This result may indicate that formation of 
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(Z)-γ-bisabolene is directed by the methyl group of the Val and Thr side chains at position 
96, rather than the hydroxyl group of the mutant T96 side chain. 
 EIZS F96S provides the most striking product distribution, as this mutant produces 
in 78% total product yield sesquisabinene A, a product made in small amounts by the wild 
type enzyme. This is the first EIZS mutant enzyme to produce a sesquiterpene product 
other than epi-isozizaene as its major product with such high fidelity; the only other 
mutants that approach the fidelity of the wild type enzyme for epi-isozizaene, but produce 
other sesquiterpene major products, are F95M (β-acoradiene synthase, 68% yield), F96W 
(zizaene, 65% yield), and F198L (β-cedrene, 61% yield) (Li, 2014).  
 The product distributions of EIZS polar mutants described here demonstrate that 
polar side chains can be tolerated at the active site of this cyclase with retention of 
cyclization activity. Consistent with previous aromatic and aliphatic mutations to EIZS, 
introduction of polar side chains often remodels the shape of the active site, leading to 
production of alternative cyclization products. From this set of EIZS polar mutants, thirteen 
sesquiterpenoid products were observed that had not been previously produced in this 
system; these novel products include sesquiterpenoid alcohols, which have not been 
produced by any EIZS mutants containing aromatic or aliphatic mutations, but were 
produced by six EIZS mutants with polar residues at the active site (F95N, F95Q, F95C, 
F96S, F96T, and F96H). These results demonstrate that polar side chains are tolerated both 
structurally (Chapter 9) and functionally in the highly hydrophobic active site of this 
terpene cyclase.  
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Chapter 11: Kinetic characterization of EIZS polar mutants  
 
11.1 Materials and Methods 
 
 EIZS mutants were kinetically characterized by using 3H-labeled FPP substrate and 
detecting radiolabeled hexane-extractable products of the enzyme reaction by liquid 
scintillation counting, similar to the procedure previously described (Li, 2014). Briefly, 5-
50 nM EIZS enzyme was incubated with 0-80 μM [1-3H]FPP (typically 25 mCi/mmol) in 
each series of assays. Typically, a 500 μL reaction was initiated by the addition of EIZS 
enzyme and incubated in a 30 °C water bath for 12-15 minutes. The reaction was quenched 
by the addition of 38 mM EDTA. The reaction was extracted with 2 x 1 mL hexane. Hexane 
extracts were passed over a silica gel column directly into a scintillation vial containing 5 
mL scintillation fluid. The silica column was washed with 1 mL diethyl ether, and the 
eluate was also collected in the scintillation vial. A Beckman scintillation counter was used 
to determine the total amount of 3H-labeled hexane-extracted products formed in the 
reaction. For each experiment, a sample containing a known amount of [1-3H]FPP was 
used to calibrate the counts per minute (CPM) to μmol product formed. Prism was used to 
fit the data by linear or nonlinear regression to determine steady-state kinetic parameters. 
11.2 Results 
 Five EIZS mutants and the wild type enzyme were assayed for steady-state kinetic 
parameters with substrate FPP. Kinetic parameters are shown in Table 11.1. Michaelis-
Menten graphs are shown for the wild type enzyme and four mutants in Figures 11.1 – 
11.5. A graph showing reaction rate with varying concentrations of EIZS F96S is shown 
in Figure 11.6. 
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Table 11.1. EIZS mutants steady-state kinetic parameters 
 
EIZS mutant kcat (s-1) KM (nM) kcat/KM (M-1 s-1) 
WT 0.069 ± 0.004 380 ± 100 180000 ± 50000 
Y69A 0.0014 ± 0.0002 370 ± 300 3800 ± 3000 
F95N 0.00078 ± 0.00004 1100 ± 400 700 ± 300 
F95C 0.0043 ± 0.0003 570 ± 300 7500 ± 4000 
F95Q 0.0023 ± 0.0003 1100 ± 700 2100 ± 1000 
F96S* 0.00058 ± 0.0004 --- --- 
 
* kcat apparent determined from assay varying [EIZS F96S] with constant saturating [FPP].  
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Figure 11.1. Michaelis-Menten graph for EIZS WT. Error bars show standard error of the 
mean for each triplicate rate measurement. R2 = 0.78  
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Figure 11.2. Michaelis-Menten graph for EIZS Y69A. No error bars are shown because 
each data point represents only one measurement. R2 = 0.50  
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Figure 11.3. Michaelis-Menten graph for EIZS F95N. Error bars show standard error of 
the mean for each triplicate rate measurement. R2 = 0.71  
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Figure 11.4. Michaelis-Menten graph for EIZS F95C. Error bars show standard error of 
the mean for each triplicate rate measurement. R2 = 0.46  
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Figure 11.5. Michaelis-Menten graph for EIZS F95Q. Error bars show standard error of 
the mean for each triplicate rate measurement. R2 = 0.37  
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Figure 11.6. Reaction rate as a function of [EIZS F96S]. Error bars show standard error of 
the mean for each triplicate rate measurement. R2 = 0.32  
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The wild type enzyme behaves kinetically as previously reported. The catalytic 
efficiency determined for EIZS WT here is 180000 M-1 s-1, which agrees reasonably well 
with the previously reported value of 260000 M-1 s-1 (Li, 2014). However, this value has a 
five-fold higher standard error of the mean (± 50000 M-1 s-1) than previously reported (± 
10000 M-1 s-1). This can also be seen in the only moderate fit of the data to a Michaelis-
Menten curve (Figure 11.1; R2 = 0.78). Despite this large scatter in the activity 
measurements, due to the agreement of steady-state kinetic parameters for the wild type 
enzyme to published values, we continued to use this assay to study other EIZS mutants 
for kinetic behavior. 
 We determined Michaelis-Menten curves for four EIZS mutants: Y69A (Figure 
11.2), F95N (Figure 11.3), F95C (Figure 11.4), and F95Q (Figure 11.5). However, 
similarly to the wild type enzyme, there is a large degree of scatter in the activity 
measurements for these mutants. This can be noted in the R2 values for fit to the Michaelis-
Menten curves (see figure legends) and the significant values for the standard error of the 
mean for kcat, KM, and catalytic efficiency measurements (Table 11.1). Consequently, the 
kinetic parameters shown should be interpreted as only approximations of catalytic 
activity. However, it is clear that all of the mutants assayed here display drastic decreases 
in activity relative to the wild type enzyme. The catalytic efficiencies of the mutants are 
decreased 24- to 250-fold, and kcat values display 16- to 120-fold reductions, relative to 
wild type values. KM is relatively less affected in the mutants; EIZS Y69A has the lowest 
KM value for the mutants (370 nM), which is slightly lower than that measured for EIZS 
wild type (380 nM), while the highest KM values measured are only 3-fold higher than that 
measured for the wild type enzyme. These results are consistent with steady-state kinetic 
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parameters reported for other EIZS active site mutants, mainly containing aliphatic and 
aromatic mutant residues (Li, 2014). In almost all cases, kcat is more drastically affected 
than KM. 
 For EIZS F96S, we were unable to determine steady-state kinetic parameters due 
to the very low level of activity for this mutant. In an assay in which [FPP] was held 
constant at 40 μM and [EIZS F96S] varied from 5 nM to 80 nM, the apparent kcat was 
derived from the slope of a plot of reaction rate vs. [EIZS F96S] (Figure 11.6). This 
apparent kcat value is the lowest of any determined for the EIZS mutants studied (Table 
11.1). However, EIZS F96S does retain cyclization activity as this enzyme produces mostly 
sesquisabinene A (Table 10.1), a cyclic sesquiterpene. Although this mutant retains 
sufficient catalytic activity to produce enough cyclic products for GC-MS analysis and 
identification over a 16 h incubation period, the activity of EIZS F96S is too low to reliably 
measure steady-state kinetic parameters using the radioactive assay. 
 The kinetic characterization of EIZS mutants described here was largely 
unsuccessful due to the inconsistency in product measurements across multiple replicates, 
leading to a large degree of scatter in the kinetic data. For the mutant enzymes that produce 
many different products, it is conceivable that the kinetics of each cyclization reaction are 
variable enough that separate trials measure the rates of formation of a different set of 
products. The varying rates for formation of different sesquiterpene products may account 
for the lack of consistency in rate measurements for overall product formation. It is also 
possible that alkylation of polar residues at the active site by carbocation intermediates 
results in permanent inactivation of the enzyme, accounting for the greatly reduced reaction 
rates observed. Mutations to the active site of terpene cyclases have been shown to increase 
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the likelihood of inactivation by alkylation; however, promiscuous cyclases, such as EIZS, 
are less likely to be inactivated by alkylation than cyclases that have high product 
specificity (Kersten, 2015).  
 While the catalytic rates of the EIZS mutants tested here are drastically reduced 
when compared to the wild type enzyme, turnover of FPP to terpenoid products does occur 
for all mutants as evidenced by GC-MS product analysis. Terpene cyclases are enzymes of 
secondary metabolism and typically display slower substrate turnover than enzymes 
catalyzing vital cellular functions. Given that the uncatalyzed rate for terpene cyclization 
is undetectable, terpene cyclases are very effective catalysts, despite being less efficient 
than enzymes of primary metabolism. 
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Chapter 12: EIZS – Conclusions and Future Directions 
 The work described here expands on the mutational studies of the EIZS active site 
with aromatic and aliphatic mutant residues (Li, 2014). This work demonstrates that polar 
side chains can be accommodated in the highly hydrophobic active site of EIZS. Mutation 
of key Phe residues at the active site to polar residues can yield enzymes that retain the 
capability to produce cyclic terpenoid products. These mutant enzymes containing polar 
residues are also well-folded and able to be structurally characterized by X-ray 
crystallography. Replacement of active site residues with polar side chains appears to 
drastically reduce the efficiency of the mutant enzymes relative to the wild-type enzyme; 
the effect of mutant polar residues on steady-state kinetic parameters appears to be larger 
than that of mutant aliphatic or aromatic residues. 
 It is clear that the steady-state kinetic characterization of EIZS mutants presented 
here is of poor quality, due to the large degree of scatter in the rate measurements. Although 
alternative assays for EIZS kinetic studies may be considered (e. g., malachite green assay; 
Vardakou, 2014), it is likely that the radioactive assay will continue to be most useful due 
to the sensitivity of detection of radioactive products, given the apparently low levels of 
activity for EIZS mutant enzymes. Troubleshooting to improve the results of this assay 
should involve verification that each mutant enzyme is assayed under steady-state 
conditions, by measuring product formation of each mutant over time at different enzyme 
concentrations. This step was not rigorously conducted for each of the mutant enzymes 
presented here, and so could be a potential source of error in these kinetic assays. If EIZS 
rate measurements continue to be difficult to fit with Michaelis-Menten kinetic parameters 
due to high variability, specific activities (μmol product formed per minute of reaction per 
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mg of enzyme) for each EIZS mutant could be determined. The standard error in specific 
activity measurements (at a single substrate concentration) will likely be easier to minimize 
than for all data points in a Michaelis-Menten analysis. The specific activity of each mutant 
relative to wild type EIZS can still provide information about the efficiency of terpene 
cyclization in each EIZS mutant, particularly with regard to the usefulness of the enzyme 
for catalytic formation of a particular terpene product of interest. However, measuring only 
specific activities of EIZS mutants will not provide information on approximate binding 
affinities for the substrate, since KM could not be determined. 
 Determination of the propensity of EIZS polar mutants for inactivation by 
alkylation should also be conducted. Exposure of EIZS mutants to substrate FPP, followed 
by analysis of tryptic fragments by LC-MS/MS to identify any sequence regions modified 
by a sesquiterpene parent mass (204 Da), could indicate if the mutants are prone to 
inactivation by alkylation. This technique has been demonstrated with another class I 
sesquiterpene cyclase, tobacco 5-epi-aristolochene synthase (Kersten, 2015). This analysis 
could determine if introduction of polar residues to the EIZS active site results in a higher 
likelihood of alkylation by reaction intermediates and subsequent inactivation of the 
enzyme. 
  Although the crystal structures of EIZS F95N and F95C show that these mutant 
enzymes have the same overall fold as the wild type enzyme, little mechanistic information 
can be gained from these structures due to the nature of the ligand, BTAC, bound in the 
active site. Although the orientation of the BTAC ligand can be resolved in the EIZS F95C 
structure, it is not possible to assign the orientation in the EIZS F95N structure, likely due 
to the lower resolution of this mutant crystal structure. A higher resolution structure of this 
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mutant may help to resolve the ligand orientation. Moreover, a higher-impact structural 
study of EIZS would entail crystallization of EIZS mutants or the wild type enzyme with 
ligands that more closely mimic the substrate or proposed intermediates or products of the 
cyclization reaction. FSPP (farnesyl S-thiolodiphosphate) could be used as a substrate 
analog for crystallization in EIZS wild type or mutant enzymes. Analysis of the binding 
mode of this substrate analog in different versions of the enzyme could give clues to how 
the mutant enzymes direct catalysis differently than the wild type enzyme. Analogs for 
various intermediates along the cyclization pathways of EIZS could be used in a similar 
way to intermediate analogs in crystallization experiments with aristolochene synthase 
from Aspergillus terreus (Chen, 2013). In aristolochene synthase, structures of the enzyme 
bound with aza analogs of eudesmane-like carbocation intermediates demonstrate that 
various binding modes for intermediate mimics are possible, even in the active site of this 
high-fidelity cyclase. Aza analogs of the bisabolyl cation – the first cyclic intermediate of 
the EIZS cyclization cascade – could be used in crystallization experiments with EIZS 
mutants. Detection of different binding modes of an intermediate-like compound in 
different EIZS mutants could point to the importance of particular mutant residues in 
driving the cyclization reaction down a particular pathway toward product(s). 
 Ultimately, the goal for EIZS analysis is prediction of the product array given a 
mutation to the active site. The relationship between active site shape and enzyme products 
is too complex for visual analysis to define, and the work on prediction of products should 
be carried out through computational methods. The structural and functional 
characterization of various EIZS mutants described here provides a basis for computational 
analysis of how enzyme structure and products are related.  
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Computational analysis of the wild-type EIZS reaction pathway leading to the 
major product, epi-isozizaene, has already been conducted with a combination of molecular 
dynamics simulations and molecular docking (Pemberton, 2015). In this study, the 
bisabolyl cation (the first cyclic intermediate along the EIZS reaction pathway) was used 
as a starting point to derive 67 transition state structures (along with free energies for each 
structure, relative to the bisabolyl cation) leading to the next intermediate, the 
homobisabolyl cation, through a 1,2-hydride shift step. These transition state structures 
were docked into the EIZS wild type crystal structure. The transition state structures with 
the lowest free energies did not produce the best docking scores in the EIZS active site, 
suggesting that the shape of the EIZS active site selects for transition state structures that 
are in productive conformations for further steps along the reaction pathway. Molecular 
dynamics simulations were then used to allow the transition state structures to progress 
along the reaction pathway towards the epi-isozizaene product. Additional intermediates 
and transition state structures produced from these dynamics simulations were docked into 
the EIZS structure, and free energies of each intermediate and transition state were 
determined qualitatively based on docking score. When compared to the molecular 
dynamics simulation trajectory of the reaction, selective stabilization of the transition state 
leading to the zizyl cation (the last carbocation intermediate prior to formation of epi-
isozizaene) is observed in the enzyme-catalyzed reaction.  
This computational study links the structure of the EIZS active site to free energies 
of specific steps in the cyclization cascade. A similar approach could be used for formation 
of different products formed by EIZS mutants, coupled with docking associated 
intermediates and transition state structures into the EIZS mutant crystal structures. These 
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types of experiments could form the basis for prediction of products for a given active site 
mutant. This work will seek to fully characterize the structure-function relationship 
between EIZS active site shape and catalytic activity. 
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Appendix 1: PaFS and TbTS competition assays for the study of cluster channeling 
[Adapted with permission from Pemberton, T. A., Chen, M., Harris, G. G., Chou, W. K. 
W., Duan, L., Kӧksal, M., Genshaft, A. S., Cane, D. E., and Christianson, D. W. (2017) 
Exploring the Influence of Domain Architecture on the Catalytic Function of Diterpene 
Synthases. Biochemistry 56, 2010-2023. Copyright 2017 American Chemical Society.] 
A1.1 Introduction 
Fusicoccadiene synthase from Phomopsis amygdali (PaFS) is a bifunctional 
diterpene synthase that adopts αα domain architecture. The C-terminal α domain generates 
GGPP and the N-terminal α domain cyclizes GGPP to form fusicoccadiene (Toyomasu, 
2007; Toyomasu, 2009). The core 5-8-5 ring skeleton of fusicoccadiene is critical for the 
anti-tumor activity of fusicoccin A, a diterpene glycoside that locks 14-3-3 proteins in place 
with their binding partners (de Vries-van Leeuwen, 2010; Bury, 2013; Wurtele, 2003). The 
recently determined crystal structures of the individual chain elongation and cyclase α 
domains of PaFS reveal that each utilizes three Mg2+ ions to initiate catalysis (Chen, ACS 
Chem. Biol., 2016). Analytical ultracentrifugation and low-angle X-ray scattering 
experiments indicate that PaFS is a hexamer, which raises the possibility of proximity 
channeling (Bauler, 2010) between active sites. Proximity channeling may enhance 
product flux in a biosynthetic pathway even in the absence of a direct tunnel between 
enzyme active sites, since the product generated in one active site need not completely 
diffuse into solution and re-diffuse back into the second active site if it is sufficiently close. 
The clustering of active sites, e.g., as in a hexameric assembly, may enhance this effect 
because the product generated in one active site can re-diffuse back into one of multiple 
second active sites that are nearby as a result of the quaternary structure of the oligomer 
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(Castellana, 2014). Thus, multi-domain assembly and oligomerization may enhance 
terpenoid biosynthesis through cluster channeling (Chen, Curr. Opin. Struc. Biol, 2016). 
A1.2 Materials and Methods 
PaFS and TbTS were expressed and purified as previously described (Chen, ACS 
Chem. Biol, 2016; Kӧksal, Nature, 2011). Monomer concentrations of 1 μM PaFS and 1 
μM TbTS in 6 mL of assay buffer [25 mM HEPES pH 8.0, 200 mM NaCl, 5 mM MgCl2] 
were co-incubated with the following substrates in two separate experiments: (1) 50 μM 
DMAPP + 150 μM IPP, and (2) 50 μM GGPP. The samples were overlaid with 5 mL HPLC 
grade n-pentane in a glass test tube and incubated at 30 °C for 16 h. The reaction mixture 
was extracted four times with 5 mL n-pentane (total 20 mL n-pentane extracts). The 
pentane extracts were dried with MgSO4, filtered, and concentrated in an ice/water bath 
under reduced pressure to approximately 100 μL. Reaction mixture extracts were analyzed 
with an Agilent mass spectrometer with a 30 m x 0.25 mm HP5MS capillary column using 
a temperature program with an initial 2 min hold at 60 °C, a 20 °C/min temperature gradient 
from 60 °C to 280 °C, and a final 2 min hold at 280 °C. Analysis of the pentane extracts 
resulting from co-incubation of PaFS and TbTS with various substrates by GC-MS showed 
the formation of diterpene products. Compounds were identified by comparison of their 
mass spectra and GC retention indices with those of authentic compounds using the 
MassFinder 4.0 Program and Database (Harangi, 2003). Since the catalytic fidelities of 
PaFS and TbTS are comparable for the generation of their major products (PaFS generates 
64–72% fusicoccadiene and TbTS generates 58–82% taxadiene; Chen, ACS Chem. Biol, 
2016; Pemberton, 2017), the fusicoccadiene:taxadiene ratio measured in the GGPP 
competition assay provides an accurate reflection of the ratio of steady-state kinetic 
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parameters (kcat/KM)PaFS/(kcat/KM)TbTS for GGPP utilization by individual PaFS and TbTS 
enzymes, even though these parameters reflect the generation of all diterpene products and 
not just the major product of each enzyme. 
A1.3 Results 
 
We previously reported that PaFS adopts hexameric (αα)6 quaternary structure in 
solution (Chen, ACS Chem. Biol, 2016). In addition to a modest two-fold enhancement of 
product flux due to covalent linkage of the GGPP synthase and GGPP cyclase domains on 
the same polypeptide chain, hexameric quaternary structure is proposed to enhance 
fusicoccadiene formation through cluster channeling (Chen, Curr. Opin. Struc. Biol, 2016). 
When exogenous GGPP is utilized as a substrate, the catalytic efficiencies (kcat/KM) 
for individual full-length PaFS and TbTS are 3.3 x 104 M-1 s-1 and 2.1 x 103 M-1 s-1, 
respectively (Chen, ACS Chem. Biol, 2016; Pemberton, 2017). Theoretically, the ratio of 
the catalytic efficiencies for GGPP cyclization of the two enzymes, 
(kcat/KM)PaFS/(kcat/KM)TbTS, represents their ability to compete for a common exogenous 
substrate. In other words, equimolar PaFS and TbTS should yield a 
fusicoccadiene:taxadiene product ratio of approximately 16:1 when incubated with 
exogenous GGPP (i.e., in the absence of any possible channeling). Experimentally, using 
GC-MS we measure a fusicoccadiene:taxadiene product ratio that is slightly lower, 4.3:1, 
when equimolar PaFS and TbTS are incubated with exogenous GGPP (Figure A1.1).  
Strikingly, when equimolar PaFS and TbTS are co-incubated with one equivalent 
of DMAPP and three equivalents of IPP, such that the only source of GGPP is that 
generated by the GGPP synthase domain of PaFS, the resulting fusicoccadiene:taxadiene  
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Figure A1.1. Substrate competition between PaFS and TbTS. Relative product percentages 
for the generation of fusicoccadiene and taxadiene in reaction mixtures containing 
equimolar PaFS and TbTS. When the enzyme mixture is incubated with exogenous GGPP, 
the fusicoccadiene:taxadiene product ratio is 4.3:1. When the enzyme mixture is incubated 
with DMAPP and IPP, the only source of cyclization substrate GGPP is that generated by 
the C-terminal α domain of PaFS and the resulting fusicoccadiene:taxadiene product ratio 
increases to 46:1. That very little taxadiene is generated in this experiment strongly 
suggests a cluster channeling model for bifunctional catalysis, in which most of the GGPP 
generated remains bound in the PaFS hexamer to be utilized for cyclization to 
fusicoccadiene. Reprinted with permission from Pemberton, T. A., Chen, M., Harris, G. 
G., Chou, W. K. W., Duan, L., Kӧksal, M., Genshaft, A. S., Cane, D. E., and Christianson, 
D. W. (2017) Exploring the Influence of Domain Architecture on the Catalytic Function of 
Diterpene Synthases. Biochemistry 56, 2010-2023. Copyright 2017 American Chemical 
Society. 
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product ratio is 46:1 (Figure A1.1). This excess is much larger than the theoretical 
maximum of 16:1 or the experimentally-measured value of 4.3:1 when PaFS and TbTS 
compete for exogenously supplied GGPP. These results suggest that the GGPP synthesized 
by the chain elongation domain of PaFS remains mostly associated with the hexamer 
instead of dissociating to bulk solution and then rebinding to the cyclase domain. If GGPP 
were to dissociate into bulk solution, equal probability of cyclization by PaFS and TbTS 
and increased taxadiene generation would result. Therefore, these results suggest that the 
(αα)6 hexameric quaternary structure of PaFS enables cluster channeling to facilitate 
fusicoccadiene formation. 
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